Seismic Performance of Ductile Reinforced Concrete Masonry Shear Walls with-Shaped
Boundary Elements

Mohammed Lotfy Albutainy

A Thesis
In The Department
of
Building, Civil, and Environmental Engineering

Presented in Partial Fulfilment of the Requirements
for the Degree of
Doctor of Philosophy (Civil Engineering) at
Concordia University
Montreal, Quebec, Canada

October2022

© Mohammed_otfy Albutainy, 2022



CONCORDIA UNIVERSITY

School ofgraduate studies

This is to certify that the thesis prepared
By: Mohammed Lotfy Allitainy

Title: Seismic Performance of Ductile Reinforced Concrete Masonry Shear Walls-with C
Shaped Boundary Elements.

and submitted in partial fulfilment of thequirements for the degree of
Doctor of philosophy (Civil Engineering)

complies with the regulations of the University and meets the accepted standards with respect to
originality and quality.

Signed by the final examining committee:

Chair

Dr. Ahmed A. Kishk

External Examiner

Dr. Mohamed ElGawady

External to Program

Dr. Ramin Sedaghati

Examiner

Dr. Ashutosh Bagchi

Examiner

Dr. Anjan Bhowmick

Thesis Supervisor

Dr. Khaled Galal

Approved by

Dr. Mazdak NikBakht Graduate Program Director

Dr. Mourad Debbabi, Dean
Gina Cody School of Engineering and Computer Science

Date ofDeferce: 202210-04



ABSTRACT
Seismic Performance of Ductile Reinforced Concrete Masonry Shear Walls with-Shaped
Boundary Elements

Mohammed Albutainy, Ph.D.
Concordia University, 2022

There is a global drive to promote and optimize the design of higher building performance at
low cost and minimum environmental impact. Although reinforced masonry construction is
known for its better fire protection, structural durability, energy efficiency and cost reduction, its
use is hindered by the lack @&howledgeof its resistance to earthquakoads. The main
objective of this research is to quantify the effect of influential parameters on the seismic
performance of Reinforced Masonry Shear Walith BoundaryElements(RMSWHBE). The
parameters to be investigated are the size of the boundary element, the spacing between the

transverse reinforcement hoops and the vertical reinforcement ratio in the boundary elements.

This research is divided into experimental and numericalestigations. A new
system/configuration foRMSW+BE with C-shaped unitdo form the BEis proposedand
implementedand a new experimental setup is designed and built to capture the response of the
lower panel of RMSWBE in a 12-storey building subject to quastatic loading protocol.
Experimental and numerical research study intended to impeaverced masonry shear walls'
structural performance and constructabilfytesting system capabdd testingRMSW+BE with
ahigh aspect t#go was developed along withe control systemFor this investigation, six half
scale RMSW+BE defined by flexural dominance under continuous axial stress and reversed
cyclic top moment and lateral loading were built éested The tested walls represent tbaver
storey panel of a reinforced masonry shear wal i?-storey buildingto simulate the plastic
hinge zone for these wall3he boundary elements were constructed usirgh&pe masonry
units rather than stretcher uitThis studyconsideredhe size, vertical reinforcement ratio, and
boundary element confinement ratio of the @alboundary elements as variablesn
experimentally validated model was created to assess the effect of changing the confinement
reinforcemat ratio in reinforced masonry wall boundary elemeiise model was validated
using the outcomes of three different experimental programs. To examine the influehee of
boundar y eaéntiaityeam thé accuracy of the 2D model findings, the sefuin the

2D model and the 3D model were compared. Furthermore, the effect of the loading strategy



(cyclic vs monotonic) on wall curvature was investigated. The model was used to investigate the
effect of modifying the confinement ratio in the boundargnent by adjusting the spacing

between the confinement hoops on the RMSWehaviour.

The results showed that the proposed experimental setup and control cysteénepresent
the loading conditions on the plastic hinge zone of &tb&yhigh masonry wall. From the
constructability point of view, it wagroventhat the Cshaped units provided the lateral strength
as designed and providetksign enginees with the option of increasing the vertical and
confinement reinforcemenand the flexbility to change the boundary element length.
Additionally, it is anticipatedthat using Gshaped masonry units to form the boundary elements
can reduce the required manpower and the time needed to build the wall compared to the walls
constructed using gellar stretcher unitdfhe proposed system could provide the lateral strength
and ductility required to resist earthquake events. The tested walls were dominated by a flexural
failure mode The enhanced-8haped boundary element didt change the owf-plan stability
required bythe CSA S30414fiDesi gn of Masonry St Additonalyriteso de
was demonstrated that when subjected to egtasic reversed cyclic loading, RMSW with C
shaped boundary elementan providea high level of ductility with minimal strength

degradation.

The developed and validated numerical 2D and 3D models shibnattihe eccentricityof
the boundary elements is not exfing the predtted lateral force capacity, initial stiffness,
stiffness egradation and energy dissipated in each cylaeaddition, reducing the spacing
between the confinement hoogses not affecthe yield and the ultimate lateral resistance and
stiffness degradatiorlowever, educing the spacing between the confinement reinforcement
leads toan increasein the number of cycles to failurand delagprevens the vertical
reinforcement bucklingwhich reflects the increase in the ductility of the wall. It also increases
the amount of energy dissipated by the wall, which enhances the seismic behaviour of the
structureand shifts the failure to the next weaker aresa,(he web)
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Chapter 1

Introduction

1.1 Background and problem definition

With increasing environmental and economic concerns, there is a global drive to raise the
efficiency of the building design process. Design optimization is required to promote higher
building performance with less cost and less environmental imjddctDesign process
enhancementould be achieved by optimizing the material utilization within the structural
components. Reinforced masonry constructionthaknown benefits of better fire protection,
structural durability, energy efficiency and cost reducti@h. However, there is still a
widespreadnisconception that masonry structsiocannotpossesshe required ductility to resist
earthquake loads due to the poor performance of unreinforced masonry buildingbdqoadae
events. Reinforced Masonry Shear Waligh boundary elementMSW+BE) have the added
benefit of enhanced ductilitypy providing the required space for two layers of vertical
reinforcement and confinement hoops. Confinement hoops provide thertsdipp vertical
reinforcement to delay the buckling, and greut core continugto carry stress at higher strain
levels[3].

Reinforced masonry shear wallRNISW) are fully or partially grouted concrete masonry
blocks reinforced with steel bars in vertical and horizontal directions. They are used in medium
to high rise buildings as a seismic fomesisting system imoderate seismic risk regions. Shear
wall systems are used in buildings due to their ability to provide the required stiffness and
strength to resist the lateral loads induced by wind or seismic excitations. Several research
studies were conducted to unstand better the seismic responseRMSW [4]i[9]. These
studies showed that the specimens controlled by the flexure mode of failure provide a higher
ductility and lower strength degradation at higher drift levels. However, the masonry block shape
restricts the placing of the confinement and verticahfoecements, resulting in premature
buckling of vertical bars or crushing of the grouted core. Therefore, increasing the confinement
in thew a | toédzenes will increase the ultimate compressive strain at the boundary elements

zone and increase the ultiteacurvature capacity. It is also expected to delay the buckling of

1



vertical reinforcement and the crushing of the grouted core, which will increase the ductility and

enhance thewerall seismic response of RMS\0].

Typical rectangular RMSW has a geometry restriction; by having one layer of vertical
reinforcement, which does not allow adding confining hoops to the erd ktamy confinement
methods were proposed by researchers, e.g., confinement plates, confinement comb and spiral
ties[11]i [13]. Another alternative confinement method is to add boundary elemehtswa | | 6 s
end zoned412]. Boundary elements provide the required space to have two layers of vertical
reinforcement, which allow®r adding conhement hoops.

Several research studies were condutideaetter understand the seismic respongeMEW
[8], [14]i [18]. These studies showed that texure mode of failure providesa high level of
ductility and small strength degradation at large drift levEherefore, ® enhance the ductility
and the overall seismic responseRMSW, there was a need to confine the toe zones in the wall
to delay the buckling of vertical reinforcement and to increase the grouted masonry ultimate

compressive strain in order to increase the ultimate curvature capacity.

Shedid et al[8] tested seven RMS8Wvith three different end configurations (rectangular,
flanged, and endonfined). The results showed that flanged amdtconfined boundary
elemensincreasedhewa |l | 6 s duct i | i, tregpedively. BlSo%heaneaduretl G %
at 20% drop from peak loadere 1.0%, 1.5% and 2.0% fdhe rectangular, flanged anehd
confined boundary elements wallespectively. Moreovera 40% reduction in the required
vertical reinforcement in flanged and ecohfined walls compared to rectangular wallasw
achieved.Banting [14] tested fully grouted halcale RMSW+BE tdnvestigate the effect of
confinement on the drift capacity and vertical reinforcement buckling of the while.results
showed that confining delayed the buckling of vertical reinforcement and delayed the crushing of
the grout core.

Moreover, faceshell spalling in the compression toes did not cause an abrupt drop in
resistance. Thus, these research efforts showed that adding boundary elements at RMSW ends
enhancs the wall ductility andimits wall toes damageéAdditionally, introducing a boundary
element at the wall ends provgleut-of-plane stability, decrease¢he required length of the

compression zonand increasethe curvature capacity at mamum load. All these advantages



can be achieved with even less vertical reinforcement ratio cochpafeM rectangular walls
[8].

Currently, the boundary elements are made from regular stretcheandi@rerestricted in
size and vertical rad transverse reinforcement raticAlso, they have many constructability
issues for example, masonry units and hoops should be laid gertain sequencewhich
consumes lots of time and workforde.addition to have hoops spacing less thantitoek unit

height a large numbeof cutting operations need to be dpagcan be seem Figure 11.

Figure 1.1: Number of cutting operations for the web and the flange of the stretcher unit

Due to the geometry restrictions of the stretcher units, the spacing betwegantherse
reinforcement hoops spaciiglimited and does not provide the required vertical reinforcement
buckling prevention spacindilso, using stretcher blocks restrictee boundary elemeantshape
to thesquare(to be practical) and restricts the number of vertical reinforcement bars. Moreover,
the confined core in the boundary elements made by using streici® is a mix of three
materials; grout, stretcher blocknd mortar which makes it a nemomogeneous material. This
in turn, makesit hard to control the boundary element properties in practical applications.
Construction and testing of RMSW+BE withnew configurationof boundaryelement was
introducedn collaboration with the masonry industry in Canada, namely, the Canadian Concrete



Masonry Producers Association (CCMPA), Canada Masonry Design Centre (CMDC), and
L6Association des Ent QeéparABMuUby Albutiny etsla20b/nner i e
[19] to ensure its practicality for future manufacturing and its use in the constructiotryndus

The current CSA S3044 [20] and NBCC 201521] reflected the recent research efforts to

improve the design of reinforced masonry (RM) walls by proposing a new ductile RM wall
category with a ductilityrelated force reduction facto2 of 3.0. As a result, ductile RMSW

was considered an adecealateral force resisting system for higke masonry buildings with

heights up to 40 m in zosewith seismic hazard index larger than 0[23]. However, the

literature is lacking experimental investigation for RMSW with heights close to 40 m.

1.2 Research significance and motivation

The latest research efforts in the area of seismic behaviour of RMSW were reflected in the
current CSA S3044 by introducing a new type of ductile RMSW withdactility reduction
factor of 3.0. Despite the research advancement, there are still some limitasiociatad with
the current CSA S3044. The current standardimit the ultimate compressive crushing strain
used in the design to 0.0025 instead of 0.0@8/pared with reinforced concrete. This has an
i mpact of underestimating the wultimate curvat
However, CSA S3044 allows increasing the design compressive strain up to a maximum value
of 0.008 (clausd 6.10.2), when satisfying two main conditiostsown in Figure 1.Za and b)
The first condition is to provide buckling prevention reinforcement for the vertical bars in the
boundary element. The second conditiofoisthe minimum length of boundary elents to the
maximum ofA R Tt ¢ , c/2, or(c - 0.1k), wherec is the compression zone depth,
R is the used ultimate compression strairis thewa | | 6 s. Thie secand dondition is
required toensure that the ultimate compression strain outside the confined@esaot exceed
0.0025.

Clause 16.11.4 of CSA S3a4 [20] provides the confining hoops verticghs ci ng A SO
required to provide confinement to the boundary elem&ntse mi ni mum requi r ed
the least of six times the vertical bar diameter, 24 times the confining hoop diameter-tiadf one
of the least boundary element dimension. The maximum diameter allowed by CSA4804
be used in vertical reinforcemieis 25M (clause 12.2Fonsideringclauss 16.11.4 and 12.2, the

spacing required for confining hoops will range from 96 mm to 150 mm in most cases. The
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stretcher unit height used to form the boundary elements is approximately 200 mm. In order to
providethe required buckling preventiagrinforcementa large number of cutting operations for

the web and the flange of the stretcher anérequired as shown in Figure 1.2. Increasing the
cutting operations will increase the construction time, manpower vaasted material. In
addition, cutting the stretcher unit in many locations may initiate unwanted hairline cracks that

may weaken the masonry uaid break it off in several areas.
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Figure 1.2: CSA S30414 (a) hoop spacing requirementnd b) increased compression strain

requirements

When sing stretcher units, the boundary element is limited to a sqilaape since
increasing the BE length willequireincreasng the number of stteher units which make it
complicated for constructiorAdditionally, using the strieher units to form the BHEmits the
number of vertical reinforcement bars to fotihus, there is a need to haa®E configuration
that can provide theekibility to control the BE length ahthe number of vertical reinforcement
bars in a practical and economical wape square form ahe boundary element, in fedlcale,
is approximately 40& 400 mm. These dimensions restrict the design options required by CSA
S30414 [20] to meet the minimum boundary element length. Furthermore, boundary elements
formed by stretcher units are a mix of three materials, grout, stretch block, and mortar, which
makes it norhomogeneous and challenging to control its properties in practiciatamms. In
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addition, when using stretcher units to form the boundary elements, the masonry units and hoops

should be placed in series, which consumes more time and manpower.

Providing and testing a new boundary element system satisfies the code reqtgrémn
provide the required strength and ductility to ductile RMSW buildings in the notes in cl. 16.10.2,

which states that:

ADesigners should provide sufficient addi ti
required in reinforced masonry constioot to ensure that details related to creating high
ductility in the plastic hinge region of structures employing confined masonry in compression are

constructed in accordan[2Z0 with the contract d

Another related aspect is the practicality of the system and what the masonry industry needs.
From this point of view, the use of stretcher blocks requires more effort and time from the mason
to keep installing the transverse reinforcement hoops fronogheftvertical reinforcement bars.
There had been no experimental research studies on the responserisehiyittileRMSW+BE
under simulated earthquake evpribr to the research presented in this thesis. The majority of

RMSW+BEexperimental testing ka been conducted on lerige walls.

The motivation of this researchto provide a practical RMSW system that can overcome the
limitations that arise from the current practite addition, many experimental works have been
carried out to better understh the nodinear response of reinforced concrete (RC) and
reinforced masonry shear walls (RMSW) due to seismic excitation. However, the cost and time
associated with the experimental work are standing as a barrier toward conducting enough
experiments to étter understand the response of RC and RMSW. This explains why there was a
need to develop reliable numerical models that can provide a reliable prediction of the RC/

RMSW nonlinear response

The Gshaped boundary element units are shown in Fig@reHere the boundary element is
formed using two &hapé masonry units facing each other and the steel cage is installed as one
peace. Ghaped BE has the advantage of providing more homogenous grouted core, flexibility

in selectingheboundary elemeniz andtheamount of vertical and transverse reinforcement.
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Figure 1.3: Advantages of &haped block boundary elements
1.3 Researchobjective

The researchobjective of this study is to provide engineers with RMSW configurations
that allow them to customize the boundary elei@esize, the distance between transverse
reinforcement hoops, and the grout strengtiis researcls intended tgpush the boundarseby
testing the plastic hinge zone in a-dtBrey RMSW building having an aspect ratio dd.,
whereas the RM shear wall with highest tested aspect bafmre conmencing this research
work in 2016was 4.522]. Furthermore, this studg part of a program at Concordia University
thataimsto develop a new boundary element block that alldesgners to decrease the spacing
between hoops in the boundary elements and thus inctleassonfinement ratio. This new
boundary element block eliminates the limitations associated with regular concrete bécks (

stretchers) utilized iprior studes.

1.4 Hypotheses statement

1. A stronger boundary element can provide moreadtlan support to the welthus there is
a potential to increase the webn-supported height recommended by CSA S384

2. Increasing the confinement in the boundary element by decreasing the spacing between the
confinement hoops will enhance the seismic response of the RMSW+BE.
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3. Increasing the length of the boundary elements can enhance the seismic response of the
RMSW+BE andcan utilizethe increased value of the ultimate crushing strain recommended
by CSA S30414.

4. Increasing the vertical reinforcement ratio of the larger boundary elements can enhance the
ductility of the RMSW+BE.

5. There is a potential to increase the dustilireduction factor for ductie RMSW
recommended by NBCC 2015.

1.5 Specific objectives and scope of work

This study seeks to generate experimental data on the flexural behaviour of RMSW+BE by
testing walls with larger aspect ratios than those previously aealuAdditionally, this study
aimsto develop a testing setup and verify its performance and absesHect of the boundary
element's confinement ratio on the RMSW seismic response. Finally, the experimental results
will be used to create and evaluateumerical model capable of simulating the behaviour of the

RMSW. To achieve the above objectives, the scope of work needs to include the following tasks:

1. Developing a new system/configuration for RMSW witsitaped masonry units.

2. Developing and designing test setup to meet the research terminal objective and test the
above stated hypotheses.

3. Investigatingthe potential to increase the web-gapported height recommended by CSA
S30414 (Hypothesis 1)

4. Investigating the effect of imeasing the confinement in the boundary elements on the
seismic behaviour of RMSW+BE and its failure mode (Hypothesis 2).

5. Investigating the effect of changing the length of the boundary elements on the seismic
response of the RMSW+BE (Hypothesis 3).

6. Invesigating the effect of changing the vertical reinforcement ratio of the boundary elements
on the seismic response of the RMSW+BE (Hypothesis 4).

7. Investigating the potential to increase the ductility reduction factor for ductile RMSW
recommended by NBCC 201Bypothesis 5).

8. Developingand validating a numerical model that can simulate the behaviour of the tested

walls.



9. Using the validated numerical model to study the effect of the eccentricity of the boundary

elements with respect to the web by comparing 22D models.

1.6 Methodology

The proposed research project is divided into experimental and numerical investigations. As
shown in Figurel.4, the experimental work will start with designing the walls based on the
selected building plan and location. The nstep is to design and build the test setup based on
the predicted response of the designed walls. The outcome from the experimental investigation
and constitutive properties of the material obtained from tests will be used to validate the

numerical model.
1.7 Test Program

This study is part of a large research program conducted at Concordia Univergitis
research prgram twelve wall specimensvere investigatel to establishthe effect of the
following variables on the seismic response of RMSW witbh@ped boundary elementhe
boundary element vertical reinforcement ratio, the boundary element confinement ratio, the size
of the boundary element, the axial load ratio, thdival reinforcement lap splice, the type of
blocks used to form the boundary elements, and the wall aspectimatios thesis, six walls
specimens were tested to address the first three paranteterder to achieve the objectives of
this research ark, an experimentatetup was designed along with the test corityalhe author
to allow testing RMSW+BE with high aspect ratio and synchronize the testing actuators in a
controlled fashion.n addition,a 3D model was developed to investigate the effafcthe
recommended BE eccentricity with respéett he wal |l 6s web on the sei

tested walls. This aspect has never been investigated before.
1.8 Expected contributions to knowledge

The knowledge expected to be gained from this stwdly contribute to improing the
seismic hazard safety of mrse masonry buildings in Canada. The-eisér and stakeholders in
the masonry design and building industries would benefit from this thesis' primaings, as
follows: The properly designedand performedexperimental and numericalork will improve
the way reinforced masonboundaryelements are currently buitt RMSW+BE By creating an

experimental setup that enables testing the plastic hinge zone istart RMSWBE building



with an aspct ratio of 10.6, as opposed to the RM shear wall with the highest tested aspect ratio
of 4.5 This study pushes tHeoundarieof what is currently possibl&.he research outcome is
expected to provide idepth knowledge of the seismic performance of RMABE, with the

newly proposed boundary element formed wittslaped unitsUsing avalidaed nunerical

model, the effect of boundary element eccentricity with respect to theamdbthe effect of

changing the boundary element confinement reinforcement spacing will be established.

1.9 Thesis layout

Six chapters (including this one), a list of figures and taldasappendk, and references
make up the dissertation. The chapters provide and diafiubg experimental, numerical, and
analytical work completed. The following is the content of the chapters:

1 Chapter 1: presents the background, research significance and rootivasearch
objectives, and a description of the thesis layout.

T Chapter 2: provides a |iterature review of
and ductility reduction factor, the determination of plastic hinge, previous experimental
research wdk on RMSW and masonry prisms and the numerical modelling for RMSW.
Finally, a summary of the literature review was provided.

1 Chapter 3: provides detailed description and the development of the experimental
program and setup including the test contrekem.

1 Chapter 4: addresses the effect of changing RMSW wisihdped boundary element
unsupported length. In addition, the constructability advantages of utilizing the proposed
c-shaped boundary elements were addressed. The test results fdRNMB&é+BE are
presented and discussed. The three tested walls varied in the amount of confinement
reinforcement in the boundary elements. The results of this study demonstrated the great
potential of RMSW withmasonry boundary elementdBEs) formed by the proposed-
shaped masonry blocks to provide the strength and ductility required for lateral force
resisting systems in medium to high rise masonry buildings.

1 Chapter 5: describes the construction and testing of threesdadd RMSW+BE
specimens characterized bgxural dominance under reversed cyclic moment and lateral
loading. The boundary elements of the wall were different in terms of their size and
vertical reinforcement ratios. The findings of this work revealed that employsitage

10



masonry units to consttt the boundary elementsffectively overcame the
constructability limits imposed by the use of stretcher units.

1 Chapter 6: develops an experimentally validated numerical modevéstigatethe
effect of changing the confinement reinforcement ratio in reinforced masonry wall
boundary elements on its seismic response and failure mode. The model was validated
against experimental results from three different experimental programs. A comparison
between the results obtained from the 2D model taed8D model was carried out to
establish the effect of the eccentricity in the boundary element on the accuracy of the 2D
model results. In addition, the effect of the used loading protocol (cyclic wetorac)
on the wall curvature was also investigated.

1 Chapter 7: provides a summary of the performed research work, the main findings and
conclusions, and the recommendations for future work.

1 Appendix A Calculating the critical buckling load fav2-# boundary element.
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Chapter 2

Literature Review

This chapteprovides a critical review gdrevious research on reinforced masonry shear walls
( RMSW) . RMS W6 s affediscussed i sentiond2els The concept of ductility and
ductility reduction factoarediscussed in sectigr2.2 and 2.3, respectively. The determination of
plastic hinge éngthis addressed in section 2.4. Secfi¢h5 and 2.6present a summary of
previous experimental research work BMSW and masonry prisms. Finally, the numerical
modelling for RMSW is discussed in section 2.Toncludingremarksand identification of

research gaps in the staté-the-artare identifiedn section 2.8.

2.1 Shear wall failure modes

There are many modes of failure for cantilever shear walls. These modes are flexural, shear,
rocking and sliding as shown in Figure ZZhaulay and Priestlejl 5] indicated that thén-plane
main failure moes of shear walls are tlilexural mode shear mode and sliding mode. Also,
they showed that the mode of failure is highl
out-of-plane failure modes are mainly buckling, lap splice or anchorage slippagardtifailure
is commonly favared in seismidesignsince it corresponds to the wall ductilehaviour(Shing
et al.,[23]; Paulayand Priestley15]; Shedid[12]). Flexural mode of failure is characterized by
tensile yelding of vertical reinforcementpe-crushingand theformationof plastic hinge zones.

This type of failure islsoassociated witla high level of energy dissipation.

The shear failure, which is nofaourablemode of failureis due tothe brittle behaviourand
quicker strength degradatiaf the shear walhfterreachingthe maximum strengtff15]. It can
be characterized by diagonal or step tensile cracks. In this mode of failure, no yielding in the
vertical reinforcement, which is the main source of energy dissipation in laterally loaded
cantilever shear wallss observed16]. Shear failure depends on tlevel of axial stress, the
strength of the masonry, and the aspect ratio of the[Wll Sliding failureoccurswhen sliding
planes form along horizontal or diagonala®[24]. Also, it happenn the plane between the

wall and the footing if there 8ot enough friction as shown in Figure 1(d).
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Figure 2.1 Typical cantilever shear wall failure modés) Typical applied loads on a cantilever
wall, (b) Rocking failure(c) Shear failurg(d) Sliding failure and(e) Flexural failurg15]

2.2 Ductility

Ductility ratiot can be considered as the meffiectiveway t o deter mi ne th
ductility demand and capacity25]. For the cantilever structushiownin Figure2.2, the ductility
ratio can be expressed as the ratio between the ultimate displacemeiind the vyield

displacementa at the top of the wall:

Equation 2-1

—
e
L | &

The total displacementY  will result from the summation of thegd displacementY and

the plastic displacemen¥ shown in Figure 2.

Structures can be classified in termstioéir design ductility level. Figure 2.3 shows the
relationship between the strength and the displacementsfferedt design approacheshere
Sis the strength required tooespoedsg dsplaceamernt.t h g u a k
can be seen thathile increasing the ductility level,, results in adecreasén the lateral design

force and the yield displacemeittalso causes a@ncreasent he syst emés pl astic
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2.2.1 Elastic response

Buildings with high functional importance (nuclear reactorBpspitals.). are designed to
develop a lateral strength that ensures ttineyg will remain elastic to reduce the level of damage
in these vital buildingsin this case, the building designissbad on o&éstrength de:c
This implies that the plastic state could be achieved in the critical sections without any
significant inelastic deformation. This can be achieved through the material strength reduction
factors used in the design to prdeiextra protection and to ensure no devalemof inelastic
deformations. In this case,high level of detailing for reinforcement and section dimerssisn
not needed. However, a certain level of ductility cannm@ntainedeven with this design

philosophy. The elastic response can be shown in Fig@rbythe OAA' curve[15].

2.2.2 Ductile response

Buildings of normal importance are designed for forces less than required to have an elastic
responsgq15]. This leads to more inelastic deformation, which needs a more ductile structure
system to resist these forceslaaccommodate the large inelastic deformatidrer&fore, hese
buildings have to be designed and detaitedllow the building to deform in the plastic range.
This level of detailing will vary with the required level of ductility. The ductile responséea
divided into two mainsubcategoriesfully ductile structuresHigure 2.3 by theline OCC and
OCD), and structure with restricted ductilityshownin Figure 2.3 by the curve OBB). It is
worth mentiomg that thereareno restricéd limits for structures with full or restriet ductility

since the transformation from one system to the othes taliee gradually.

Studies carried out by Priestl®y], Paulay et al[5], Sveinsson et a[26], Tomazevic et al.
[27], Shing et al[16], Seible et al[28], Voon and Ingharf29], Miller et al. 200530], Shedid et
al. [12], and Banting et al31] showed thatthe flexure mode of failure provideshigh level of

ductility and small strength degradation at large drift levels.

2.3 Force reduction factors

Reducing the design forces will lead to more inelastic deformations in the structure. This will
result in yielding in the vertical reinforcement and crashing in the concrete or masonry. This
inelastic deformation can be accepted subjectrsuringthat the structural system will not

experience a strength degradation in the inelastice andhas an acceptable response.
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Moreover, displacements and damages in the structure have to be well controlled. The advantage
of inelastic responsebesids the costeffectivenessis the increase of the structlg@atural

period. Such an nmcreag will decrease the response peak acceleration, which will reduce the
damage to the building components. This behaviour caeduilded as ductile behaviquhich

mustbe ensuré for the full duration of the earthquake in all directions.

Some research work has been carried out to investigate the relation between the response
modification factor and the ductility of the structueeg.,Newmark and Hal[32], Paulay and
Priestley[15], Chopra[33] and Drysdale and Hamif84]. The esults of these investigations
showed a relation between the structure period and the principal used to calculate the response
modification factor R as shown in Figu2el(a). For structures witla period (T) greater than the
period that corresponds to tpeak elastic spectral response, it was observed that the maximum
displacemerst achieved by both elastic and inelastic systaresvery similar, given that the
elastic system stiffness is the saasthe inelastic system initial stiffngsas shown in Figure

24(b). In this case, the ductility ratio géven by:
t — 2 Equation 2-2

where R is the lateral force reduction factor. This observation is knowneapiatdisplacement

principle.

For structures witha period T shorter than the period that corresponds to the peak elastic
spectral response, it was observed that the displacement ductility demand is higher than the
lateral force reduction factor R. The area under the elastic and dlastio curves in Figure
2.4(b) are equaln dissipaing the same energy. In this case, the ductility ratieliated to R by

the following relation:
r — Equation 2-3

This observation is known as the egaakrgy principle.
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Figure 2.4: Relationship between ductility and force reduction fal86t

2.4 Plastic hinge length

The pgastic hinge zone iashear wall is where the inelastic rotations are concentrated toward
the wall baseDeterminingthe plastic hinge zone height important to determine the shear
wallé ultimate displacementThe presence of the grout and reinforcement enlsatiis
behaviarr by having continuity in the stress flow abg making the behaviar of fully grouted
RM walls similar to RC wall§36]. In thissensethe application of the plastic hinge equations
developed for reinforced concrete (RC) shear walls are applitadl®B®ISW as well.Many
researchers introduced equations to calculate the plastic hinge lengtinéoete and masonry
structural walls e.g., Paulay and Uzumer[37], Paulay and Priestley15], Priestley and
Kowalsky[38], Bohl and Adebaf39], Shedidet al.[40], and Bantind14].

Table 2.1 summarizes the plastic hinge hegationssuggested in the literatey in which
| is the wall lengthE is the wall effective heigh is the vertical bar diametefEis the yield
strength of the verticdlars Zis the ultimate strengtbf the vertical baris the applied axial
load, Zis the specified compressive strengthdoncrete or masonygand! is the gross area of
the shear wallIn order to investigate the difference between pheposed equationghe
following values were assumedhese values represent the characteristics of a reinforced
masonry shear wall with the same dimensions as those sixtkealedwalls that will be tested

in this thesis
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lw= 1715 mm

hw= 12750 mm

fy= 400 MPa

fu= 500 MPa

"= 20 MPa

dp= 12 mm
A= 154350 mn?

P= 231525 N

Table 2.1: Comparison between plastic hinge equati@p®rted in the literature
Plastic hinge height () equation Proposed by Calculated in mm

1 ™l T8k Mattock (1967) 1495

2 Tl 18k Paulay and Uzumeri 1323.5
3 TR T8 X B (1975) 1299.25
4 iy T8CAk A Paulay and Priestley 242.8

(1992)
5 1 T8k Priestley and Kowalsky 623.5
(1998)
6 E . . y Priestley et al. (2007) 914.6
™ = P E T TBICAA
7 &l B & st Eﬂio Bohl and Adebar (2011) 870.2

Figure 2.5 shows thelastic hingeheight estimated bydifferent equatios in the literature

The expressionshown in Table 2.Jare based on regression analysis of either experimental,
numerical or hybrid studies with variation in mechanical and structural parameters. The control

variables in the aforementioned equations are moment gradient and tensile strain penetration

through the bondslip mechanism inside the foundatidh.can be seen that theequations

provided a wide range of the predidtplastic hinge heightlt should be noted thathese

equationgdo notconsiderotherrelevantparameterssuch ashe wall configurationthe existence

of boundary elemestas well as theertical, horizontal and confinement reinforcement that may
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affect the prediction of the plastic hinge heigB&nting [14] proposed EquatioB-3 to predict
the plastic hinge heightakinginto consideration the effect of the ratio betweenwesdical and

horizontal reinforcemerdand its spacing

I mM&E ™ —7T—— | Elpdl fE Equation 2-4

where! /& and! /A arethe product of thearea of the vertical and horizontal steand

their respective yield strengtiThe parameter8 AT 3\ arethe spacing between the vertical

andhorizontal reinforcement, respectively.

Plastic hinge height (mm)
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Figure 2.5: Plastic hinge height calculated based on equatiomalie 2.1

2.5 Masonry Shear Wall Experimental work

In 1971, Williams[41] tested four fully grouted RMS¥Wnder static loading procedure and
four walls under dynamic loading procedure. The experimental setup is shown in Eigure
Williams concluded that it is possible to design RMSW with dudigdaviour He established
that low service load, low vertical reinforcement raindhigh aspect ratipromotethe ductile
behaviourof the wall. He also recommended confining the corner material to prevent buckling of

the vertical reinforcement.

In 1974, Priedey and Bridgeman tested eighteen RMSW under slow cyclic loading and
dynamic loadg42]. They showed that satisfactory ductiltguld be achieved from the RMSW
if the horizontal reinforcement is capable of carrying the full shear load, and the first few courses
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are confinedwithin the thin steel plates ithe bed mortar joints, in reigns where crushisg
expected. In addition, the test results revealed that strain hardening in the vertical reinforcement

increagdthe flexural capacity of the wall by 14%ompaedto the theoretical calculations.

(a) (b)

Figure 2.6: Tested walls by Williams 1971, a) Static testdb) Dynamic test

Later in 1982, Priestly and EIdpt3] tested three slendeginforcedmasonry walls detailed in
Figure 2.7. The wallswere scaled to 1:0737or four to five stories high. In these wallthe
effects of changing the axial load, the existence of confinement plates placed in mortar bed
joints, shown in Figure.8, and the presence of lapped starter bars in the plastic hinge zone were
examined. They concluded that lapped splicagethe effect of shortening the plastic hinge

zone, and the existence of confining plates imestive overall response of RMSW.

In 1988, Takashiet al.[44] investigatedhe strength and the deformation capacitywenty
two walls under double curvature deformation @odstanixial stress. The results showed that
increasing the axial stresscreasedhe shear strggth and the deformation capacity for walls
failed in shear. Additionally, the deformation capacity of wHikt failed in flexure was shown

to increase by increasing the shear reinforcement and confining the compression zones.

Shing et al. (1988 and 1989]16], [7] tested sixteen RMSW to investigate the effect of
changing the axial stress and vertical reinforcement ratio on the lateral resistance of RMSW. The
experimental setup is shown in Figur8.2The results of these tests indicated that by providing
the right amant of horizontalreinforcement,the brittle shear failureould be avoided. In
addition, it was shown that the amount of horizontal and vertical reinforcehesibhfluenceon
the energy dissipation and ductility walls thatfail in shear. It was alsoconcluded that the first
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major diagonal crack depends on the tensile strength of the masonry. These experiments showed
that reducing the axial stress leads to increasing the wall ductility. Brunn8hemgdested three

fully grouted masonry walls witalow aspect rati¢45]. The only parameter that was changed in
these wallsvasthe aspect ratio (H/L). The data generated in this work was used to develop an

analytical model to evaluate the shear and flexural strength of the wall.
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Figure 2.9: Test setup by Shing et.§4]

In 1990,Sajjad[46] investigated the behaviour of four masonry shear walls using three types
of confinement: hoop reinforcementomb confinement reinforcement, and spiral cage
confinement. The fourth wall was not confined pimvide a benchmark for comparison. The
dimensionsthe horizontal reinforcement ratiahe vertical reinforcement ratio, arttie applied
axial load of all four masonry walls were identical. The confined reinforced walls were found to
have enhancetthe maximum loads b¥% to 14% compared to the unconfinedll. The results
indicate that when the maximum load is applied, the drift increases Wyt®&£6 when
compared to the unreinforced wall. Finally, when confinement was added to the wall, the

maximum drift increased hyp to 1236 when compared to the unreinforced wall.

Later in 1999, Ibrahim and Suter tested five reinforced masonry [¥&llsThe parameters
tested were the level of axial vertical stress, the amount of vertical reinforcemdrthe wall
agect ratio. The results revealed that the shear behaviour depertie cmpressive strut
mechanism, the amount of horizontal reinforcement and the aggregate interlock. It was observed
that all walls experiencethe first major diagonal crack at almosttisame displacement, even
with changing the axial stress and wall length. The lateral capacity of thewaslit affected
much by increasing the vertical reinforcement ratio. However, the lateral capacity increased
considerably by increasing the axiakt. On the other hand, it was shown that walls aith
lower aspect ratio have more ductility and energy dissipation capabilities. BigQrghows the

different crack paerns for the tested walls.
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Figure 2.10: Cracks in walls tested by Ibrahim and Syuet]

Snook et al[48] investigated the influence of several forms of confinement reinforcement on
RMSW's ductility and energy dissipation capability. Nine RMSW warbjected to reversed
cyclic loading and constant axial stress. Theensfinement methodwere used to reinforce the
walls: steel confinement plates, seismic reinforcement combs, and pdipmssrincorporated
into the grout. The results of the tests sgigd that employing these confinement techniques
increased the displacement and energy dissipation capacities of the walls very slightly. In

comparison to the use of confinement plates or seismic reinforcing combs in mortar joints, the
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inclusion of polymefibresin the grout mix increased energy dissipation and drift capacities the
most. Additionally, by including théibres into the grout, the shear resistance was enhanced,
resulting in a reduction in the observed shear damage diagonal cracks and shear
deformationsin the tested walls.

Voon and Inghanp49] tested ten fully grouted and eight partially grouted RMSW. The aim of
this study was to investigate the effects of axial stress,casp#io, grouting, and shear
reinforcement on the response of RMSs worth noting that while alls 2 and 4 to 10vere
dominated byshear failure, wall failed by flexural/shear, and walfailed by flexural/sliding.
Figure 2.11 shows the crack pattern and failure mode of the testedalt® tests showed that
increasing the axial load leads to increasing the shear capacity of the walls and decreasing the
postcracking deformation capacity. Uniformly distributed ahereinforcement helped to
increase the shear capacity of the wall and improve the wall'sgaa#ting performance, which
led to more ductile behaviour and higher energy dissipafibe. fully grouted wall showed
higher shear capacity. However, the influe of grout becomes less effective when the shear
stress was calculated based on the net areas. Finally, it was demonstrated that the shear strength

decreased with increasing the aspect ratio.

In 2010, Shedid et al. tested seven RMSWith three differentend configurations
(rectangular, flanged, and exndnfined[50]. The resultshowedthat using flanged and confined
boundaryE ement s increased the wall és ductility by
measured drift at 20% drop from peak load was 1.0%, 1.5% and 2.0% for rectangular, flanged,
and confined boundary elements walls, respectively. A 40% reduction ingbieeece vertical

reinforcement in flanged and ewdnfined walls, compared to rectangular walls, was achieved.

Kapoi, later in 2012, tested eight fsitale unconfined RMS¥/and studied the effect of
concentrated reinforcement at the end zones of the nyas@iis on the response of RMSW
[51]. It was concluded that the performance of evenly distributed reinforcement walls was very
similar to walls with concentrated reinforcement, in terms of displactohectility. However,

walls with concentrated reinforcement were found to dissipate 50% more energy
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Figure 2.11: Cracks Pattern in walls tested ¥ygon and Inghanp9]

Banting [14] tested fully grouted half scal@®MSW+BE to investigate the effect of
confinement on wall drift and delaying vertical reinforcement buckling. The results showed that
confining delayed the buckling dhe vertical reinforcement andlelayed the crushing of the
grout core. The face shell spalling the compression toes did not cause an abrupt drop in

resistance. Figur2.12 shows the details of the boundary element.
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Thus, from these research efforts, results showed that adding confined boundary elements at
the ends of the RMSW promotes the ductility of these walls and limits the damégema | | 0 s
ends at the toe zone. Moreover, introducing a boundary elementvelttends provides owdf-
plane stability, decreases the required lengththef compressionzone, and increases the
curvature capacity at maximum load. All these advantages can be achieved with even less

vertical reinforcement ratio, compared to RM regtalar walls[15].

Ahmadi et al[52] discussed the experimental results of 30-$aklile fully grouted RM shear
walls tested under reversed gustatic cyclic loading. The relationship between the nonlinear
hysteretic response and key design parameters (aspect ratio, axial load, arrangement and amount
of vertical reinforcement, and lap splices) was investigated. It was observed that the
displacenent corresponding to the peak strength decreases with the incretmevertical
reinforcement ratio. Lap splices in the vertical reinforcement caused a reduction in wall
performance. Test results showed that specimens tested with low vegiindalcement ratios

developed higher displacement ductility.

Zhao and Wang53] tested terRMSW under reversed cyclic lateral load to investigate the
influence of different reinforcements and applied axial stress values on their seismic behaviour.

Larger values of normal stresses relate to larger valudaterfal strength. The amount of
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horizontal reinforcement improves the lateral strength due to smeared cracks, which are more
evenly distributed by the presence of horizontal reinforcements. It also significantly improves the
ductility due tothe crushingde failure of the walls. The stiffness for walls in the flexure mode
decreases rapidly to 17%9% and 48%57% of the initial stiffness fowalls in the shear mode

and flexural mode, respectively at a displacement equal to half of the displacement
correspading to the peak load. The displacement ductility is strongly dependent on the amount

of horizontal reinforcement.

As a part of a research program supported by NSERC CRD (Collaborative Research and
Development) with the masonry industry (CCMPA, AEMQ, @DC) and led by Professor
Khaled Galal, Albutainy et al., 2017 published the first conference paper outcome of this
research prograrfl9]. The existing experimental setup in the Structures Lab at Concordia was
not suitable for testing RMSW+BE with high aspect ratio. This Nb&Sed setup was
redesigned/modified by the author to a new configuration (shown in f&ydre chapter3). To
allow the synchronization among the three actuators the MTS MPT files of control system were
developed by Patrice Bélanger and Martin Leclerc of Polytechnique Montreebamdissioned
by the author. Using this modified system, Aly and Galal further investigtite effect of

increasing the axial load, wall aspect ratio and lab splice on the performance of RM3%4}+BE
2.6 Previous &perimental work on masonry prisms

Drysdale and Hamid34] described the failure of unreinforced and unconfined masonry
prisms as a brittle compressiension failure. Based on that, there vaaseed to provide

confinementto the masonry prisms to avoid the undesired brittle failure.

Priestley and Elder, 1983, tested tweate masonry prisms reinforced with steel plates in
the bed joint (Priestley plate5]. The reinforcenent plate eliminated the compresstension
failure and changed it to crushifajlure, providedsofter behaviour in the descending part of the

stressstrain curve.

Hart et al., 1988, tested sevemiye prisms with different types of confinemgh8]. The
confinement techniques are Priestley plates, square ties, cages withdpa@bseinforcement,
spiral reinforcementand cages with spiral reinforcement. The confinement caused a ductile

failure to the prisms and enhanced the {pestk part of the compression strefigin curve.
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Shedid et al., 2010five groups of prisms shown in Figure2.13, to investigate the
compession stresstrain relationship and the effect of vertical and confinement reinforcement
[35]. G1 prisms were unreinforced and constructed using stretcher units. G2 prisms had vertical
reinforcements and no confinement reinforcementvesi@ constructed usingtretcher units. G3
arereinforced prisms with confimeent reinforcement and constructed using stretcher units. G4
prisms were unreinforced and constructed using pilaster units. Finally, G5 prisms were
reinforced vertically and hliaconfinement reinforcement andere constructed using pilaster
units. Thefailure mode for the unreinforced masonry prisi@& and G4was characterized by
vertical cracks after face shell spalling. Prisms with vertical reinforcer@hhad less damage
than the unreinforced prisms and had more strength due to the existeneertiodl
reinforcement. Confined prismsG3 and G5,provided more strengthcompared with the
unconfined ones, and no buckling in the vertical reinforcement was observed. In addition,
confined prisms provided more gradual ppstak stresstrain relationkip. For prisms made
from pilaster units, the confined prisms showed an increase in the peak strength and its
corresponding strajras shown in Figur@.14. ComparingG1, and G4 prismsG4 had higher
axial stress due to the confinement provided by thateitainits. Comparing G3 and G4 prisms,
both groups had almost the same axial stréssvever G4 prisms showed more ductile

behaviour due to splitting and cracks in G1 prismartar joints.

375

G4 G5

Figure 2.13: Boundary element prisnj35]
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Prism results shown were for the prism having the
highest strength from each group, see Table 2.11
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Figure 2.14: Stressstrain relationships for boundary element pri$8ig

Abo El Ezz et al[56] studied the compressive stretgin behaviour of unconfined and
confined concrete block masonry boundary element coluntuhsder conentric axial
compression, fulscale boundary elements were built and tested. No abrupt decline in strength
was detected, and instead, a declining branch was recorded with a modest slope until reaching a
50% reduction in strength with an average straif.005. The suggested model can be used to
calculate strain ductility and curvature ductility of reinforced masonry walls with boundary
features, resulting in a more cadfective design in seismic areas. The effects of the
confinement ratio on the compsésn stresstrain behaviour of RM boundary elements at the
extremities of RM shear walls were investigated experimentally and numerically by Obaidat et
al. [57]. Full-scale test units were built and tested until they failed under axial compression
loading. Increasing the confinement reinforcement ratio had a considerable impact-peagiost
behaviour, according to the findings. The descending branch of thest@ascurves softened,
resulting in an increase in the pgs&ak strain at 75% and 50 % of compressive strength af 1.25

1.87 times and 1.43.55 times that of the unreinforced units, respectively.

Abdelrahman and Galgb8] investigated theeffect of vertical reinfazement ratio, the
volumetric ratio of confinement reinforcement, the c¥ssstion configuration, the bonding
pattern, and prevetting of dry masonry shell before grouting on the axial compressive behaviour
of unreinforced and reinforced masonry bounddeynents The results showed that increasing
the volumetric ratio of the confinement reinforcement increased the strain duatititythe

measured axial cshing strain.It is also reported that the rectangular reinforced BEs has
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improved performance than their square counterpart, especially minimizing the stress drop

following the face shell spalling.
2.7 Scak-Model Testing

In the area of scale model testing, many reseafidnts were directed toward investigating
the reliability of the results obtained from reduseadle test models. For concrete elements in
general and masonry elements in particular, the most studied parameters were the strain rate, size
effect, crack simlation, and testing methods on the uniaxial stsdsEn relationship. The
advantage of sma#icale modelling is permitting the testinfthe failure of complex structural

configurations in a controlled laboratory environment and at an affordablgb8pst

Simulated testing of the seismic behaviour of a masonry building and its failure mechanisms
requires satisfying some similarity laws that ensure duplicating the physical phenomena
observed in the prototype structu@)]. The theory of models provides the framework for
establishing the relationships between the physical quantfiehe prototype and the model
structures, e.g., the geometry, material properties, initial conditions, boundary conditions and
environmental effect$61]. The scale factors for wiaus physical quantities are determined
t hrough di mensionl ess -engttimgts é sipelraasaud ed®n syst
requirements of the similarity between the prototype and the model can generally be classified
as: (a) similarity in the dynamibehaviour, which requires similar distribution of masses and
stiffnesses along the height, and (b) similarity in the failure mechanism, which requires the
similarity of the working stress level. The selection of the geometric scale factor is governed by
practical limitations related to the capacity of the actuators (maximum driven mass), resonant
frequency of the testing facility, and the effect of meatetuator interaction on controlling the

simulated ground motion.

Generally, there are two types of sianity models that can be carried out for scale simulated
testing: the complete and the simple models. In the complete similarity model, special materials
are to be designed and produced to have their sttess curve scaled with the geometric scale
while keeping their specific weight, Poi ssonds
prototype[60]. Although the two similarity requirements stated above are fully fulfilled in the
complete similarity modelsuch special materials cannot be practically foy®#]. This

drawback limits the application of the laws of the complete model similarity in practical cases. In
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the simple similarity model, however, the prototype materials are used toucbrise models.

This may explain why this model is commonly used for its simplicity and low cost, despite the
need to add masses to compensate for not satisfying the requirement of mass distribution. It is
worth noting that the disregard of some similar@guirements in the reducedale testing is

often acceptable when their results are generated for developing or verifying analytical or

numerical model§1].

In general, there arthree test methods to investigate the seismic response of structural
elements, namely, quastatic, pseudalynamic and dynamic loading. The quafatic test
method is common for developing design and detailing procedures for structural elements and
subasemblies. A predefined displacement history is often applied to the test specimen slowly,
with frequent extended pauses to assess the specimen for damage visualization. Ki@8inkler
showed that slow testing resulted in a decrease in taegsh andconsequently demonstrable
rise in the deterioration of reinforced concrete (RC) and masonry structures. It was also pointed
out that to establish design recommendations, the -gtet& loading method provides
conservative results provided thihe applied displacement histargvers the expected range of
deformation produced in severe earthquake events. A similar conclusion was drawn by Abrams
[62]. Recently, the quastatic test method was successfully applied to simulate the seismic
action on brickwork specimens to investigate the effectiveness of a novel retrofitting approach

for historical masonry buildingfs3].

Abboud et al [64] investigated the capability of farasting the reaction of concrete block
masonry using a onguarter size model masonry unit. The standard six and eight inches
prototype is duplicated in three different variants. Model slender wall panels were tested with
and without axial loading under motonic and cyclic oubf-plane loading. It was shown that
direct modelling of masonry is a practical and esf§¢ctive way to better understand
complicated masonry systems. The model units were shown to respond similarly to the prototype
at the materiabnd assembly levels. Despite minor differences, the model and prototype were

found to have goctb-excellent correlations.

The behaviour of halécale and fulscale masonry elements under axial compression and
diagonal tension have been investigated by Long 6%]. It was found that the stresfrain

behaviour of both halécale and fulscak masonry are comparable, especially for the grouted
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masonry. Also, the hallize masonry exhibited similar strength and failure modes as tkrszeill
prototype. Therefore, it was concluded that the-biaé masonry could be used as a suitable
model in he behaviour of fulkized groutedmasonry shear walls. Mohammed et{@6] looked

at the scaling effect on the structural behaviour of ddaigks under compression. They
considered four scales, namely prototype, half, fourth, and sixth scale. The results revealed that
the strength of the masonry triplet in compression was greater than the prototype in the fourth

and sixth model scales butrslar to the prototype in the half scale.
2.8 Numerical modeling of fully grouted RMSW

Predicting the behaviour of RM walls under lateral loads requires enhanced numerical tools
that are calibrated using controlled experimental tests. This section pres@vsnaew of the
different modelling techniques that have been used by researchers in the modelling of RM shear

walls.

Sincemasonry is a composite material with anisotrdpéhaviour ands subjected to a bi
axial stress condition, masonry shear walls exhibit complex structural behaviour. There have
beenseveral numericainodelscarried out inan attempt to analyze and better understand their
behaviour under seismic load&mulating the nolimear behaviour of RMSW can be done in two
ways. The discretization of a structure into a finite number of small elements is the basis of
micro-moddling. Macromodeling on the other handis based on expressing the overall
structure with larger elementeach with properties equal to the total of its compon@tps
Although Macremodeling is the ideal method for studying features such as strength capacity,
energy dissipation, and structure deformation since it requires less processing tiamzot
capture a structural member's local response. The drawback of-ivaxteling is itrequiresa
high level of meshing and detailing and is a complex approach that necessitae®resive

computational effort.

Haach et al[67] conducteda numerical analysis to determine the behaviour of masonry walls
subjected to lateral loading. Additionally, the influence of various parameters on the lateral
behaviour of brick wallsvasevaluated. The numerical simulation was conducted using a-micro
moddling approach to investigate the resisting mechanisms of brick walls. A comprehensive
parametric analysis was conducted with the objective of determining the effdat a$pect

ratio, vertical precompression, horizontal and vertical reinforcementosabn the irplane
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behaviour of brick walls. Shear failure is more likely to occur on walls with a low aspect ratio
and a moderate pi@mpression level, whereas flexure failure is more likely on walls with a
high aspect ratio and a low pcempressionlevel. However it was observed that flexure
dominates the iplane reaction of cantilever walls, whereas shear failure dominatesplrene
response of fixed end walls. Vertical reinforcement has a varying effect depending on the main
resisting mechanisnit hasa negligible effect on the lateral resistance of walls when shear is the
dominant effect, but enhancelde lateral strength when flexure is the dominant effsaice
reinforcement resists tensile stresses caused by the wall's elevation. When horizontal
reinforcement is used, its effect on the behaviour of shear walls is similarly dependent on the
predominance of resistant shear processes. Horizontal reinforcenmsagnan experiments, acts

only after diagonal breaking. Additionally, horizontal reinforcement improved stress distribution
inside the walls, resulting in more evenly distributed diagonal cracking. ldisasveredthat
horizontal reinforcement had a niggible effect on the lateral resistance of cantilever walls due

to the predominance of the flexure mechanism.

Minaie et al[68] developed an effective nonlinear 3D finite element modelling approach that
was correlated with experimental results and demonstrated the model's ability to accurately
simulate the capacity (within 10%), failure mechanisnmg hysteretic response of partially
grouted (PG) brick shear walls. The effect ctdectional loading was then investigated using
this model in a series of parametric simulations withaftglane drift, wall aspect ratio, and
vertical stress as variadd. The study showed that The Concrete Damage Plasticity (CDP) model
is a powerful tool for modelling the nonlinear cyclic response of masdhgy/findings of the
parametric analysis indicated that when-ofiplane drift is applied at the top of the vealthe
in-plane capacity of masonry shear walls with cantilever boundaries can be reduced by up to
20%. When the level of axial tension is reduced and the effective aspect ratio is increased, this
effect becomes strongelm addition, the bidirectional iny received by masonry shear walls
during earthquakes influences thepilane capacity of the wall$he susceptibility of masonry
shear walls to oubf-plane drift is much more abruptly up to the point where such drift results in
the cracking of the PG manry walls. Although ouwbf-plane drift causes early cracking in PG
masonry shear wallsvhich reduces peak capacity, it has no noticeable influence on the response
of PG masonry shear walland consequently most likely has no discernible effect on their

overall seismic performance.
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Seif Elin et al.[69] simulated the nonlinear behaviour of masonry wallsing numerical
models based on the finite element method Fisit has been createditilizing VecTor2
software. To simulate the behaviour of the RM shear walls, a nonlinear finite element (FE)
model was aated. The model was validated using the test results of two -stogésy fully
grouted RM shear walls, which demonstrated that the FEM was within an acceptable degree of
accuracy in comparison to the experimental da#a. parametric studyas undertakerto
determine the effect of shear reinforcement distribution, axial compression stress level, and wall
aspect ratio on the iplane shear behaviour of RM shear walls. The results omtimserical
investigation indicate that the distribution of shear reartement has no discernible effect on
the shear strength. On the other hand, it increases displacement ductility when axial compression

stress is applied at a low level.

2.9 Summary and remarks

Intensive research efforts were conducted to better understdnehbhance the performance
of reinforced masonry shear walls (RMSW). The review of the literatureleevthatRMSW is
capableof performing as an effective seismic force resisting systemSFRS) for midrise
buildings in moderate seismic zones. Many confinement techniques were suggested to enhance
the RMSW ductility and its energy dissipation capabilities by increasing the measured
compressive strain. Adding boundary elements,aasend confnement method, has the
advantage over the other proposed confinement methods. Boundary elements have the
advantages of providing space for two layers of vertical reinforcement with confinement hoops,
providing outof-plane stability, decreasing the compies zone,and reducing the required
vertical reinforcement up to 40%. In addition, boundary elements are currently formed from
stretcher units, so no special material or reinforcement are required. However, using stretchers to
form the boundary elementiits the vertical and confinement reinforcement and the size of the
boundary element. Moreover, using stretcher units have some constructability issues. In
summary, the current practice of constructing the RMSW+BE can provide strength, stiffness,
and ductity to perform asSFRS. However, there is still a need to h&®&SW system with
better confinement, more vertical reinforcement in the boundary elements, flexibility to change
the boundary element length and better constructability. On another aspeefyuéteons

provided in the literature to predict the plastic hinge heightRBISW has large variability
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depending on the parameters considered in the equation. The current equations still miss
considering the level of confinement in the boundary elemants the dimension of the

boundary element.

In this research, the proposed RMSVasdeveloped in collaboration with industry partners
to make sure of its practicality. Then a wedsigned testing programasnductedo investigate
the performance of the proposed system under seismic excitBti@vercomehe high cost and
time typicdly associated with experimental work, numerical medalpable of capturing the

local response of the RMSW will be developed.

This critical review of the statef-the-art in this area of research tre seismic performance
of ductile reinforced concretmasonry shear walls allowed tasidentify some gaps that need to
be addressed within the scopetbfs research program. Téegaps aremplicitly translatednto
the Hypothesestatement (section 1.4ndthe $ecific objectivesand scope of worksection
1.5).
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Chapter 3

Experimental setup and testing program

3.1 Introduction

In order totestthe research hypothes andachieve itsobjectivesthat wereidentified in
Chapterl, sectionsl.4 and 1.5, respectiely, a new configuration for RMSW with -€haped
masonry units has been proposed. A specially designed experimental test setsedicaallow
investigaton of the response behaviour of the lower panel of RMSW+BE instdr2y building
subjected to quastatic loading protocolThis research aims to quantify the effect of influential
parameters on the seismic performance of Reinforced Masonry Shear Walls with masonry
boundary elemeni&MSW+BE).

In this chapter, the research prograémdefined A new configuration for RMSW with C
shaped masonry units develoged, and thalesign and control of thieest setupare developed
and described This study is part of an extensive research program condatt€bncordia
University. This research projecivolves the testing divelve wall specimens to investigate the
effect of the following variables on the seismic response of RMSW wishaped boundary
elements: the boundary element vertical reinforcemedig, the boundary element confinement
ratio, the size of the boundary element, the axial load ratio, the vertical reinforcement lap splice,
the type of blocks used to form the boundary elements, and the wall aspect ratio. In the first
phase of this prog, six walls were tested in two stages. Stagestn@iedthree walls to verify
the performance of the testing setup and to evaluate the effects of the boundary&element
confinement ratid70]. These tests were the pilot tests for the entire program. In the second
stage, three walls were tested to inigege the effect of the boundary element configuration,

specifically, the vertical reinforcement ratio and the size of the boundary element.
3.1.1 Proposedboundary elementmasonry units

Given the size limitations of the existing testing machines antintited laboratory space, it
was decided to use hatale units to construct the walls. The design of the experimental setup is
based on a simple similarity model in consideration of technological and economic factors
discussed in the introduction sectidfigure 3.1 shows the shape and dimensions of the masonry

units used in the construction of the wallbe four masonry units were manufactured at CMDC
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and shipped to Concordia Univergitystructures Laboratory. Themasonryunits to form the
boundary elements were the unpettangulablocks shown in Figure 3.1(a). The units shown in
Figure 3.1(b, c, and d) are the stretcher, the depressed web stretcher, andiloekhalhit,
respectivelyThe rectangular boundary element units wereusihg aconcretesaw,into two C-

shaped blocks facing each other to form the masonry boundary elements shown in Figure 3.2. A
small notch was made in the boundary element masonry block to allow paftieghorizontal

reinforcement.

/ ¥ w H =5 25
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Figure 3.1 Half scale unit types and dimensidig]

Figure 3.3 shows the wall componeft®], where D8 (diameter = 8.11 mm) horizontal
reinforcement deformed wires were spaced at 285 mm along with the wall height and were
placed alternatively72]. These shear reinforcement wires had hooks afreth one end and
180e from the other end. I n addition, t he D8
embedded in the boundaglement and extended inside the web with sufficient development
length to develop the yield strength on both sides along the interface between the boundary

element and the web to resist the shear flow.

Figure 3.2 Masonry boundary elements after being cut (all dimensions are in millimeter)
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3.1.2 Selection of the shear walls

A twelve-storeyresidential building with an overall wall height of 36.50 m wlasignedo
be constructedn Montreal] Quebec, Canada\ccording to the plan shown in Figure 3.4, the
slabs were designed to be 180 mm thikk plates. The exterior and interior columnsreve
designed to be reinforced concrete columns with the dimensions of 380 x 380 mm and 570 x 570
mm, respectively. The shear walls were reinforced concrete masonry walls with boundary
elements. The web thickness of the shear wall was 190 mm, while theabpuridment
dimensions wer890x 390mm. The buildings interior and exterior spans were 6.00 m and 5.50
m, respectively. The ground floor height was 3.20 m, and the typical floor height was 3.07 m. A
normal density concrete with a specified compressikength/2 o ® 0 Avas assumed for
slabs and columns. The compressive strength of the reinforced masonry mérfberthe
boundary elements and the web of the shear wall were assumed to be 30 MPa and 17 MPa,

respectively. The reinforcement yield strength veden ast00 MPa. For typical floors, the dead
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loads assigned to the building are the-geadight of the builthg and 1.50 kPa for partitions and
mechanical services. It was also assumed that the live load is 1.90 kPa for residential occupancy
and 2.48 kPa for the snow load on the rf&if]l. The shear walls were further assumed to carry
100% of the applied lateral loads. The force modification faaieed to calculate seismic forces

Rs and R were 3.0 and 1.5, respectively, in theSNand EW directions according to NBCC
2015[21] and CSA S3044 [20]. For design, the soil was assumed to be claseh€.wall on

gridline (A) and between gridlines (1 and 2) shown in Figure 3.4 was selected as the base wall.
The walls total length was 3.43 rithe base wall was desigthaccording to CSA S3044 [73].

The referencew a | (Wa-8 HF‘ ) reinforcement was detailed to satisfy CSA S3@4[73]

requirements for web and boundary elements zdrtes maximum reinforcement ratio specified

in CSA S30414 [73], clause 10.15,2 s 2% of t he RoathelBEswitlgnrtlies s ar
plastic hinge zone, the minimum numbahr vertical reinforcement rebar is four and wih

minimum reinforcement area equal M8t T T & (Clause 16.11.8) where is the web

thickness and is thewall length.Thetransverseeinforcement hoof@spacingn the BEswere

selectedo satisfy the vertical reinforcement buckling prevention requirements in Clause 16.11.4.
Boundary element maximum reinforcement ratio is not explicitly stat€fiSiA S30414 [73].

Boundary element could be consideredaasolumn with gradient strain distribution, thus the
maximum reinforcement ratio in the BE was considered as 4% as recommended in CS4 S304

[73] clause 10.15.4The reinforcementletails provided in thereferencewall, and in turn the

remainingof the tested wallsvere in compliance witthe above mentionagquiremerg.

The Canda Masonry Design Centre (CMDC) specified two construction requirements. First,
the boundary elements should be aligned with the wall such that their major axes are along the
same plane to avoid creating flanged walls. The second requirement was thaundar
element should have one edge in the same plan as the rest of the wall to avoiesbapeel!
wall crosssections. Keeping the boundary element flush with one face of the wall aids the mason
by providing a clear surface to maintain wall levelnesd plumpness over its height. This
orientation also minimizes the disruption of the boundary element to the architectural wall layout
and space planning. Where possible, the recessed area and cavity of the boundary element walls
located around the buildingeripheras should be used for insulation. Orientating the boundary

element inline with the wall also reduces the architectural impacts of the boundary element.
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Figure 3.4 Building Plan

3.1.3 Design ofexperiments and test matrix

To evaluate the effect of the confinement ratio of the boundary element on the RMSW
seismic responsehe experimental setup was used to ®gtRMSW with Gshapedooundary
elementsto assesgheir seismic performancelhe dimensionf the original buildingwere
divided by two to represent a halfale specimeanf the walls to be testedherefore, the length
of the wall on gridline (A) between gridlines 1 and 2 (Figure 3.4) was selected to benin¥15
In the st matrixshown in Figure 3.5

Six half-scaledRMSW+BEwere tested under a reverse cyclic top moment and lateral loading

in two testing phasesThe walls were designed to fail in flexural mo@d®llowing the CSA
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S30414 [1], the shear wallsvere designed to provide a safe margin for shear and sliding
resistance to prevent undesirable shear failline. height of the tested wallg ( ) was 2.38 m,
which represents the plastic hinge zone of a$adle twelvestoreybuilding with a total height

(E ) of 18.25 m. The plastic hinge zone length was calculated based on Equati®i
recommended by CSA S304! Clause 16.10[20].

, ™l TRE Equation3-1

wherel is the length of the wall arid is the effective height of the wall, which was selected
to be twethird of the total height of the wall.he boundary width"( ) were selected tbe 190
mm torepresent a standard masonry concrete blBokindary element length () is varying
between two values, 19Gm, and 290 mm, to represent the length of one block and one and half
block respectively.

The flexural capacity was calculated using the CSA SBDWR0] procedure without taking
into consideration the material reduction factrsandin . The shear walls were designed to
provide shear and sliding resistance with a safe margin to avoid undesirable shear failure. Figure
3.5 shows thevall dimensions and reinforcement arrangement.

In the test matrix shown in Figure 3\W4-# F,F‘ is the base wall extracted from the design

explained in section 3.1.2. The remaining walls in the test matrix configurations were selected to
address the research objectives stated in section 1.5.

Table 3.1and Table 3.rovidea summary of the dimensisrof the walls, the web, and the
boundary elements, as well as the axial applied stress. Each wall is given an ID to identify the
parameter under investigation. For instanoe,phase onethe first wall is identified as
W1-# to show that the boundary elements were made-shaped masonry units and the
vertical spacing (S) of the hoops was 60 nfior phase twowall "W4" is referred to a®V4-

# F]h to indicate that the boundary elements were made-gidgped masonry us and that

the length of the boundary element is 190 mm, and the number of #3 bags2 & # the BE

is eight. The parameterss hm andm given in Tabls 3.1 and 3.2stand for the vertical
reinforcement ratio in the boundary elements and the transverse reinforcement ratio
perpendicular and parallel to the boundary element thickness, respectively. They were calculated
using Equation8-2 and3-3:
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m  — Equation3-2
m  — Equation3-3

where! is the hoop crossectional area] andi are the number of hoop branches

perpendicular and parallel to the boundary element thickness, respediivahdA are the
length of theconfined core of théoundary elements perpendicular and parallel to the boundary

element thickness, respectiveindQis thevertical spacing between hoops.

For all tested walls, the boundary elements have confinement hoops reinforcement of D4
wires (diameter = 5.6 mm) with 60 mm spacing. The web was reinforced vertically with four #3
rebars and horizontally with8 wire (diameter = 8.11 mm) spaced vertically at 285 mm and 190
mm for phase one and phase two, respectively. The increase in the shear reinforcement in phase
two walls was due to its higher flexural capaciBach wall is given an ID to identify the
parameter under investigation. For instance, in phase one, the first wall is identified as
W1-# to show that the boundary elements were made-shdaped masonry units and the
vertical spacing (S) of the hoops sv60 mm. The length of phase one walls was 1715 mm and
they are similar in dimensions and reinforcement except for the spacing between the vertical

hoops reinforcement in the boundary elements.

For phase two walls, the total length of4\W ﬁh is 1715 mm, and the size of the

boundary elements is 190 x 190 mm. The boundary elements were reinforced using eight #3
vertical rebars. The total length of 5A# HF‘ is 1725 mm and the size of the boundary
elements is 190 x 290 mm. The boandelements were also reinforced using eight #3 vertical

rebars. The total length and the size of the boundary element &f vls/B are identical to

those of W5-# HF‘ . However, boundary elements were reinforced using six vertical #3 rebars.

Wa4-# ﬁh is considered the reference wall for this group of walls. Compakingt ﬁﬁ

andWs-# " would determine the effect of changing the boundary element length on the

wall's behaviour, while keeping the same amount of vertiei@forcement. ComparingVs-
# HF‘ andWe-# HF‘ would reveal the effect of the boundary element vertical reinforcement

ratio on the wall's response. All walls were subjected to axial compressive stress of 1.5 MPa.
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Table 3.1: Text matrixfor phase one

PhaseOne
Wall Lab Aspect Common Parameters _

Wall total wall  ratio*™  axial Studied Parameters
wall ID*  Length Height, Height, Stress Web Boundary Element

(mm) 1 (M) '(gn')H"H (MPa) " Thickness Vert. Horizontal | Length Width Vert. v | }x 4y HoopsH*

(mm) bars bars*** (mm) (mm) bars (%) | (%) (%) b

W1-# 1715  18.25 2.38 10.6 15 90 4#3  D8@285 190 190 4#3 0.79]|0.74 0.74 D4@60
W2-# 1715  18.25 2.38 10.6 15 90 4#3  D8@285 190 190 4#3 0.79|149 149 D4@30
W3-# 1715  18.25 2.38 10.6 15 90 4#3  D8@285 190 190 4#3 0.79]|0.99 0.99 D4@45

* Based on the parameters studied in this paper
** Calculated using wall heighE() =18.25 m

*** Spacing in mm

Table 3.2: Text matrixfor phase two

Phase Two
Wall Lab  Aspect Common Parameters .
Wall  total  wall ratio**  axigl Studied Parameters
Wall ID* Length Heigh Heigh Stress web Boundary Element

(mm) t(rln)' t’('rr'g)'H" (MPa) “Thickness Vert. Horiz. | Width  jx 4, Hoops | 4v  Vert  Length

(mm) bars Barg** (mm) (%) (%) P (%) bars (mm)

W4-# ﬁﬁ 1715 18.25 2.38 10.6 15 90 4#3 D8@190| 190 0.74 0.74 D4@60 | 1.57 8#3 190
W5-# ﬁﬁ 1725 18.25 2.38 10.6 15 90 4#3 D8@190| 190 0.74 0.78 D4@60 | 1.03 8#3 290
W6-# ﬁﬁ 1725 18.25 2.38 10.6 15 90 4#3 D8@190| 190 0.74 0.58 D4@60 | 0.77 6#3 290

* Based on the parameters studied in this paper
** Calculated using wall heighE( ) =18.25 m

*** Spacing in mm
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3.1.4 Wall construction

Skilled certified masons built the walls to ensure repeatability and minimize the uncertainty
associated with the variability of the construction. The web was constructed using a running
bond pattern, and the boundary elements were constructed using a stack. patier
construction of the wall begins by casting the foundation with a complete length of vertical
reinforcement. Thenthe first course was laid for the full length of the wall, including the
boundary elements of the-shaped pilaster. At this point, tleter Gshaped pilasters were not
laid out. As a result, this technique allows the mason to install the horizontal reinforcement from
the wall side, position the reinforcement cage and perform the necessary inspection. The
wallswere constructeth threepartsto represent the lowft technique performed ipractice.

The actuator forces were eventually transferred to the wall via the reinforced concrete top

loading beam. Figre 3.6shows the construction sequence of the walls.

© @ ©) | <f)

Figure 3.6: Construction sequence for the walls
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3.2 Design of Experimental Setup and Control System
3.2.1 Test setup and Instrumentation

Tests were conducted using a specially designed test setup consisting of a steel frame
equipped with three attached MTS actuators for load application. This test setup allows the
application of lateral displacement increments in a gsiasic pattern to laserve the full lateral
behaviour of the tested wall. The reaction frame shown in Figidrevas designed to support
two vertical actuators and one horizontal actuator. The capacity of each of the three MTS
digitally controlled actuators is 750 kN in corepsion and tension, with a maximum stroke of
400 mm. The test setup allows testing the shi
constanivariableaxial load along with synchronized cyclic lateral displacement and cyclic top
moment. The lateralisblacement was applied by the horizontal actuator, while the vertical
actuators applied the top momen t-downlahckoragea.bor at
A heavily reinforced concretimoting, or transfer footing, was constructed to tie the spi me n 6 s
footing to the | abor at or y éstrengthtthreaded rods.| This r Vi
arrangement prevented sliding and overturning of the wall under test. The wall footing is a 2,300

640 400 mm reinforced concrete footing. This foundatias secured to the base
foundation by eighteen (out of available fefour) 1" high tensile threaded ro@s shown in
Figure 38. Finally, areinforced concrete top loading beam was used to transfer actuator forces to

the wall. The details of theading beam are shown in Figur®.3.
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Figure 3.9: Loading beam details

The relative displacements between the wall and théoing beam and between the wall

and the footing were monitored in two locations using linear potentiometers. This allowed

cgoturing any sliding that may occur either at the top or at the bottom of the wall. The uplift of
the wall déds footing was al s o toraccounfordhiseftectons i n g

the lateral displacement, if any. The test measurements shihaeco slidingnor uplift

occurred. Figure3.10 shows the instrumentation layout used in this investigation. Five string

potentiometers (RP5) were attached to rigid support from one side, while the other side was
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attached to the wall under test. Potentiometers P1 and P2 werdousedkt he wal | 6s t
displacement. The measured displacement values were used to draw theéeforcetion
relationship. Potentiometers P3 hdefdrmadch atwer e
different heights, and they were spaced at approximately 1,100 mm. Potentiometer P5 was used

to measure footing sliding, if any. String potentiometers P6 and P7 were used to monitor the
uplift of the footing of the wall. Twelvepring loa@d linear potentiometsi(L1 to L12) were
mounted on the wallsdé ends to measure the wal
web and boundary elements and between the web and the top and the bottom footings were
monitored usingspring loaded @tentiometers L3 to L19. Finally, the diagonal shear
deformations were tracked by string potentiometers P8 and P9. Twenty strain gauges were also
installed on the outermost rebars in each wall to capture the yield initiation and strain
propagation duringpading.

3.2.2 Out-of-plane support

Since the walls represent the plastic hinge zone of a shear wall, which is dominated by
flexural deformation, it was expected to have a relatively large top wall rotation. Therefere, out
of-plane support was required to alldlae wall to transit and rotate-plane while preventing
out-of-plane deformation. The Canadian code CSA-B0420] clause (16.9.3.2) specifies the
all owabl e unsupported height (h/t+10) as 12 f
push the aspect ratio limits for the new proposed system, the supported height was selected to
satisfy the code limits for thinickened part of the wall (boundary element) while violating the
web part. This decision was based on the calculation of the Euler load for the compression zone
[24]. One level of oubf-plane support was provided at the top beam level. The unsupported
height, in this case, was 2,360 mithus, the height to thickness ratio is 12 for the boundary

element and 26 for the web. W&li2-# had an oubf-plane failure at ¥ . So, it was decided

to consider the code limits for the rest of the walls. Two levels obbptane support were
provided. The first support was at 1,600 mm height, taken as théidostevel, and the second
one was at the top beam level to preveatof-plane movement that could result from the

actuatoréout-of-plane horizontal forces due to any alignment imperfection.

Four W25(45 steel beams were attached horizontally to the reaction frame colithns

their strong axis in the horizontal plat@ form the ouof-plane support. Screw jacks were

50



attached to each beam to transmit the lateral forces from the wall to the beams. At the ends of the

jacks from the wall side, Delrin crystalline plastic piece was attached to provide a smooth surface
to side on the nearly frictionless Teflon sheets attached to the loading beam. At the wall side, 6
mm Teflon sheets were provided. In order to form a smooth sliding surface for the screw jacks,

the Teflon sheets were attached to 6 mm steel plates at theatop Wwhile at the floor level, 100

mm Delrin strips were attached to 100 raide %2 plywood strips.

r-':_:'—-* KT +H __CFT

Ul unm min w
ss51,553 |HEH FEF | 552,554
541,843 | ] b (542,544
$31,533 | % S32,534
$21,523 | HH HH 522,524

S11,513 S12,514

A/ . A _ A _ZJ/C

L :A g PR
P1 P2 ; St e s e
P3 | I A
I i ———
S B
L11 L12
C T T T T 1
T T T T T T 1
C T T T T 1
Lo T T T T T 1T I L10
N T T T T V7
AN HN B
L AN L8
P4 b -
5 Lis] D [ /A Tiid L6
1T T L~ 1 T T ¥
[T T Y T T
1 70 N B
I 7 I N
T 1T/ T 1~T 1
L1 74 I AN L2
I |
pa A [IL17] [ Lhg |
Y 1 [ [t NG
7T T 1 [
e [ETT T

P7N| " v

. ) .A—*PG

Figure 3.10 Instrumentation arrangement

3.2.3 Loading protocol

The tests and the analysis conducted by Lowes ef74]. on midrise concrete walls
concluded that the effective height for nride shear walls ranges from 50% to 70% of the wall

height. Based on this conclusion, the selected lateral load shape used studlyisvas an

inverted triangul ar

shape,

which provides

Figure 3.11 (a). The horizontal actuator was used to apply the load atehie of the top

loading beam. The two vertical actuators were used iy ape axial load (corresponding to
axial stress of 1.5 MPa) and a top moment to simulate the demanded moment induced from

upper stories shear. The top moment, M, calculated using Equadiomas applied along with
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the applied lateral displacements atsdvialue was varied based on the lateral forces measured by

the horizontal actuator:
- &5 $ Equation 3-4

where the forces&(; ) in the vertical actuators A and B, respectively, were calculated using

Equation3-5:

&p - & Equation 3-5

As shown in Figure8.11 (a), 0 is the axially applied load& is the effective height of the
wall, E is the height of the tested wall§ is the horizontal distance between the vertical

actuators A and Bandthe force & ) is the measured force in the horizontal actuator. Time te

(

actuators& , and&  were based on& ) and its direction. For example, when the horizontal

) in Equation3-5 is defined as the uplift factor. The calculated forces in the vertical

actuator is pushing in the west direction, actuator Bapiply a force equal te &

while actuator A will apply a force equal +o & and vice versa when actuator C is

pulling in the east direction.

Figure 3.11(b) shows the displacement control loading protocol of the horizontahtactu
The horizontal excitation is applied in a reversed cyclic pattern. Every two cycles are meant to
achieve a specific target di spl acement . Bef ¢
corresponds ttheyielding of the outermost vertical reinforcent at the wall footing interface,

target displacements are applied as fractions of the estimated vyield displagerf®@ts- ,
0.503 , and 0.7% ). The remaining cycles were applied as multiples of the actual yield
displacement @ , 33 é ) . T h e etagried osit inveequential stages, starting by applying

the axial load through the two vertical actuatarsiithen the horizontal actuator advances until
it reaches the required target displacement. This was followed by applying the top moment
through the wvertical actuators according to

measurement.
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3.2.4 Test control system

The test control was divided into three procedures for applying the axial load, yield finder,
and cyclic loading, as shown in Figud.2. Figure3.13 shows the flowchart of the test control
system. The test starts with applying half the axial load thrthehlertical actuators A & B. To
start the cyclic loading, while the axial load is already applied on the wall, the control system
sends a signal to the horizontal actuator C to apply the horizontal displacement. The load cell in
the horizontal actuator @asures the applied force and sends the force sgrtal the control
system. If the loading step is still in the loading portion of the loading cycle, the I&t 10
readings are averaged using an integrated-ioutbmpensation functiof x in the catrol
algorithm. If the loading step is in the unloading portion of the loading cycle, the force measured
by the load cell of the horizontal actuator is used as is without compen&atioi . The
horizontally measured forc& x or& x7¥/ is then used to calculate the for&susing
Equation3-5. The force& is then applied in the verticalctuatorssimultaneously with the
average horizontal displacemeftring potentiometers P1, P2, and P5 readings were used as
input in the control syem to calculate the average displacement using Equ&ton

| GBE®HIO—— O Equation 3-6

The measured force in the horizontal actuaorand the calculated average horizontal
displacement is also used to generate the foisg@acement hysteresis loops, as shown in Figure
3.13. Once the cycle target displacement is reached, the horizontat@cteveres its direction.
Then, the above steps are repeated till the
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3.3 Discussion of the test results ch—‘A]

Wall W1-# is considered as the reference wall for comparison and to validate the test setup.
The test started by applying the axial compressive stress, which simulated the expected gravity
loads. This step has successfyfssed. However, when the cyclic loaditgpswvas initiated, the
wall suddenly failed just under the loading beam due to a fault increase in the force applied by
the horizontal actuator. This caused a significant increase at the moment applied at the top of the
wall, exceeding its loadarrying c@acity. Thus, the vertical rebars ruptured at the interface
between the toppading beam and the wall. The failure of the wall is shown in Figua).

The programming of the testing protocol was investigated to identify the source of the error. This
eror was caused by the lack of control of the phase difference between the horizontal and

vertical actuators. The control algorithm was accordingly modified to resolve this problem.

The damaged wall was repaired by casting a concrete jacket around traattoptphe wall,
thus locally repairing the parts with face shell spalling. Epoxy resin was also injected between
the loading beam anithe top of the wall to guarantee full contact, as shown in Figuré(b).
The repaired wall was then used to validate the modified control algorithm and confirm the
concept of synchronizing lateral displacement and top moment to test the plastic hinge region of

a full wall.

After correcting the error in the control algbnt, and restarting the test on the repaired wall,
it was discovered that there was a fluctuation in the feedback signal from the load cell of the
horizontal actuator during the loading part of the cycle. This caused instability in the test as the
forces inthe vertical actuators were a function of the lateral resistance, which was measured by
the load cell of the horizontal actuator. To solve this issue, a compensation function was
developed to average the last ten readings using aimuniltegrated progmm during the loading
portions of the loading cycle, as explained in the test control system section. The results showed
a stable behaviour, reflected in the match between the measured forces in the vertical actuators
and those calculated based on theqain t a | actuat or 6 sb Thedewlepedsi si ng

stable control algorithm was used to test the remaining two walls.
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(a) (b)

Figure 3.14: (a) Failure of WalW1-# (b) Repaired WalW1-#

3.4 Conclusions

A new configuration for RMSW with @haped masonry units has been developed and a
specially designed experimental test setup equipped with a control system has been built to
investigate the response behaviour of the lower panel of RMSW+BELfstorey building
subjected t@ quasistatic loading protocol. Thidevelopmentulfil s objectives# 1 and 2,stated
in subsectiori.5.
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Chapter 4
Effect of unsupported wall height and confinement ratio in boundary

elements

4.1 Introduction

Using the testsetup described i€hapter 3, this chapter aintg investigatethe potentialof
increagng the web unsupported height recommended by CSA -3304Objective #3,
Hypothesis# 1) andinvestigating the effect of increasing the confinenratib in the boundary
elements on the seismic behaviour of RMSW+BE and its failure n@iojedtive #4 Hypothesis
# 2), stated inchapterl, subsection%.4and1.5.

For wall W2-# , the CSA S304L4 [20] aspect ratio requirementserestretched to examine
if a stronger boundary element has the potertiaprovide more support to the web. The
rationale behind using single eot-plane support at the loading beam was to avoid the forces
that are induced by the actuators due to misalignment. This arrangement was supported by

calculating the critical buckling log@4], as presented in Appendix A.

For the third wall W3-# ), in order to prevent the cof-plane failure, two oubf-plane
support levels were provided to laterally support the wall at the loading beam level aftddirst
level. The measured response fwv2-# and7 o # are discussed in the following

subsections

4.2 Material Properties

For thetwo walls presented in thishaptey readyto-use type S mortar was used to construct
the walls. Mortar cubes of 50 x 50 x 50 mm were tested under compression according to the
ASTM C270 standar{li75]. The average compressive strength of eight mortar cubesl9.37
MPa (with a coefficient of variatio€.0.V= 8.73%). Grout strength was obtained according to
the CSA A179 (204) [76]. Two types of fine grout mixes were used for grouting the walls. The
first type is high strength grout used in the boundary elements, and the second type is normal
strength grout used in the web area. The average compressive strength of three grout cylinders
was .67 MPa C.0.V. = 7.1%) forthe normal strength grout. The average compressive
strength of six grout cylinders was 43.33 MRad.V. = 15.1%) forthe high strength grout.
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Half-scale masonry units were tested according to the ASTM C140/C140M stgndpariihe
masonry units used in these tests were manufactured and supplied by Canada Masonry Design
Center (CMDC). The average corepsive strength of the hadtalestretchemasonry units was
13.65 MPa C.0.V.= 7.8%), and for the coupons thie Gshapedoundary elements units was
17.65 MPa C.0.V. =11.7%). Five fully grouted -blocks high boundary element prisms were
constructed usg C-shaped block units. The average compressive strength of the boundary
elements prismgE, was 23.7 MPaG.0.V. = 11.3%). Five fully grouted-#locks high prisms

were also constructed in running bond to obtain the compressive strength of the wélharea.
average compressive strength of the web prigg)syas 10.20 MPaQ.O.V.= 5.8%). The yield

and ultimate strength dhe #3 verticalsteelbars determined from the tensile test, according to
the ASTM A615A615M[78], were found to be 460 MPa and 680 MPa, respectively. The yield
and ultimate strength ahe D4 bars determined from the tensile test, according to ASTM
A1064/A1064M[79], were 588 MPa and 633 MPa, respectively.

4.3 Failure modes

For the second waWz2-# |, the test was initiated by applying the axial load and initiating the
reversed cyclic lateral and top moment loads. The first crack was obsemad at the first
cycle at the B course, as a horizontal crack in the boundary element at the tension side. Face
shell spalling started at the second coursezatin the second cycle. The cracks were found to
be concentrated at the bed joiatglstarted from the edge of the wall, ahén propagated to the
web, as shown in Figuré 1 (a). The loading cycles continued until tHe @ush cycle, at which

the wall failed ouf-plane, as shown in Figude2(a).

Wall W3-# has an aspect ratio of 10.6 and applied axial stress of 1.5 MRawdlh
response was dominated by flexural behaviour, with hairline cracks appearing in the bed joints at
13- . The first visible horizontal flexural cracks extended along the diseyheight, and their
spacing was equivalent to two coursesaat. I hesecracks were observed in the bed joints at the
boundary elements and the web areas. By increasing the applied loads, more horizontal cracks
were developed at the bed joints in the boundary elements. During larger lateral drift cycles, the
wall deformationwas primarily concentrated at one large flexural crack at the wall base,
approximately up to 3.2 mmwide. The other flexural cracks did not exhibit similar behaviour.

The crack pattern for walv3-# is shown in Figurel.1 (b). No sliding was recorded. The face
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shell at the boundary elements started to spall during the cycles corresponding to lateral drifts of
1.2%, showing that the grout core was intact. The observed buckling of the vertical web
reinforcement is attributed to theack of confinement at the sixth cycle, which caused

degradation in the measured lateral force. In the boundary element zone, no vertical
reinforcement buckling or crushing in the grouted core was observed. The wall lost about 20% of

its lateral capacityn the sixth cycle and faileth the second cycle ods- , as illustrated in

Figure4.3 (b).

Although the second level of cof-plane support at the firdioor level did not significantly
improve the ductility factor of the tested walls, it changed tilaréamode from oubf-plane
failure (as observed in walV2-# ) to in-plane failure due to global buckling of the boundary
element and web crashing. The presence of the secoraf-plaine support at the firgioor
l evel i mp a c tdestdbutionhie tested watlsk Asdshown in, diagonal cracks were
observed. The cracks were not concentrated in the bottom half of the wall, as observed in wall
W2-#

As shown in Tablg.1, wall W3-# had almost the same yielding strength, ultimate strength,
and displacement as waW2-# . This result is predicted by the CSA S3D4[20]. However,
by comparing th loaddeformation relationships shown in Figute3, wall W3-# has larger
loops than wallWw2-# , which means that it dissipated more energy. This could be attributed to
the difference in the amount and the distribution of cracks in both walls doe #&dbsence of the

out-of-plane support at the firdioor level inW2-#

Similar to wallW2-# the spacing of hoops W3-# was less than that required by CSA
S30414[20] bar buckling prevention requirements. This resulted in stronger boundary elements.
By increasing the strength of the boundary elements, other failure mechanisms were triggered,

e.g, global buckling of the boundary element and the failure in the wélBef .
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(b)
Figure 4.1: (a) Crack pattern iv2-# ; (b) Crackgattern inW3-#

| | f

Rupture and
buckling of
reinforcement

Web
crushing

(@) (b)
Figure 4.2: (a)W2-# failure (b)W3-# failure
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Table 4.1: Experimental an@redictedforcesanddisplacements

Qy Qu 0 ¢ qu t
(KN) (KN) mm mm

Experimental 34.13 51.67 5.6 39.2 7
W2-# Predicted 35.41 47.86 3.07 30.03 9.7
Relative error 3.75% -7.37% -45.18% -23.39% -

Wall

Experimental 35.25 50.39 5.4 43.2 8
W3-# Predicted 35.41 47.86 3.07 30.03 9.7
Relative error 0.45% -5.02% -43.15% -30.49% -

Top of the wall drift (%) Top of the wall drift (%)
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Figure 4.3: Lateral loaddeformation relationship (&/2-# (b) W3-#
4.4 Force-displacement relationship

The predictions of the yield lateral strendgth,and the nominal lateral strength,, were

based on CSA S30#4 [20] provisions. The predefined maximum compressive strain was
0.0025, as per clause 16.8.6, and the equivalent rectangular masonry stress block was taken as
@ UE, as per clause 10&. The predicted wall flexural capacity given Table 4.1is the
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nominal capacity calculated without considering the material reduction factors, i.e., assuming

thatn andn = 1.0. The vyield displacemenst and the ultimate displacemest were

predicted using Equatiods1 and4-2 [25]:

F Ny — Equation 4-1
3 3 0Ny Ny I E ml Equation 4-2

wheren g andn ; are the theoretical yield and ultimate curvature, respectielyis the

wal | 6s ef f et isithe keight ef thg astic bingel The latter was takem®ds

TE , as per the CSA S3a¥4 [20] clause 16.9.4. The predicted values-ofinds were 3.07

mm and 30.03 mm, respectively. The positive lateral force and displacement were measured in
the push direction when the fimontal actuator pushed the wall to the west direction and vice
versa. The lateral capacities of the walls are shown in Hahlén terms of the measured yield

lateral forcel and the measured ultimate lateral fotce

Wall W2-# had a similar resptse in both the push and pull directions. The ®terngth

factor,1 71 , was found to be approximately 1.39. The loledormation relationship for wall

W2-# is shown in kgure 4.3a). The force values shown in Figude3 were corrected to
include the horizontal component of the vertical actuators. Figgdrehows the deformed shape

of the tested wall. During the test, the vertical actuators A and B were swingimg east and

west directions following the movement of the horizontal actuator C. Due toflaneswing

of the vertical actuatorguring the inplane cyclic displacementthe axial forces in the vertical
actuator will have components the X and Y directions. The alues of the vertical and
horizontal force components asefunction of the value of the lateral displacement since the
value of the initial length of the vertical actuatdes,is constant and equal to 2.83 m. By
studying the deformed shape of the tested wall and the forces in the vertical actuators, it can be
seen that theotal lateral resistance of the wall is the summation of the measured lateral force in
the horizontal actuator @ and the horizontal component of the vertical actuators A and B,
&pr and&y .

The yield displacement was considered as the displaceatetite onset of the vertical

reinforcement bars' yield at the end of the wall. Since no force degradation was observed, the
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ultimate displacement was considered as the maximum displacement recorded for the wall. Table

4.1 shows the measured yiedd and utimate displacemerg and the displacement ductility
ratiof . The ductility ratigd was calculated as the ratio between the measured valaesnofl

3 . Forw2-# the measured displacement ductility rgtiois 7.

Figure 4.3b) shows thdateral forcedisplacement relationship for wallv3-# . The push
direction is when the west side of the wall is under compression, and the pull direction is when
the east side of the wall is under compression. The -fieé@rmation relationship includete
horizontal component of the vertical actuators. The yield point is defined as the onset of yielding
at the outermost bars. The average vyield lateral loaddas 35.25 kN. The corresponding
average displacement for the yield lateral load was 5.4 mnchwiras used as a displacement
multiplier factor for the next cycles. The average measured ultimate lateral load was 50.39 kN,

corresponding to a displacement of 32.4 mm.

Table 4.1 shows the comparison between the predicted and the experimentally measured
response. The relative error percentage was calculated as the ratio of the difference between the
predicted and experimentally measured values to the experimentally measured valMé&- For
# , the comparison shows that the predictions can approximately capture the yield strength but
underestimate the nominal lateral capacity by 7.37%. For the displacement predictions,
Equations4-1 and 4-2 underestimated the yield and ultimate displacementgd$$8% and
23.39%, respectively. For the ultimate displacement, the prediction errors could be due to the
difference in the compressive strain value used by the code and that determined experimentally,
and due to the length of the plastic hinge. RB-# , the lateral capacity at yield has a
prediction error of 0.45%, while the ultimate lateral capacity was underestimated by 5%. The

comparison shows that the code provisions are on the conservative side.
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Figure 4.4. Deformed shape of the tested wall.

4.5 Axial compressive strain

The relation between the average measured c
normalized measured lateral force for we2-# is shown in Figure4.5a). The vertical
displacements at the end of the walls were measured at 340 mm, 680 mm, and 1,020 mm from
the top of the wall footing. The discontinuity in the measurement was dtie face shell
spalling and losing the brackets that held the springnpi@meters. The average maximum

measured compressive strain was 0.0075 mm/mm.

The average measured compressive strain at the ends of the wall and the normalized measured
lateral force for wallW3-# are shown in igure 4.8b). The average maximum meesd
compressive strain was 0Ddm/mm, which isapproximatelysix times the limit specified in
the CSA S30414[20] standard as 0.0025mm/mm.

66



: ; , 1.75 ; ; ; ; , 1.75
; o ! + 15 | ' | ! + 15
| | %,\* 3 i _,,iiiff,dﬁ,
: : T+ 125 e '\” 125
— 3 3 211 ‘ | i i Nt 1
~*-340 mm | | | | —=-340 mm | | -
~e-680 mm 3 ! T 075 . 680 mm | | 7 Z& 0.75
41020 mm ‘ (i ~+-1020 mm T °°
.| |—-CSA s304-14 limit, i : T 025 - ||—-csa ssoa-1atimit : N
@ | | | o o ; 0
o ! ! ! o !
3 3 3 4 -0.25 i : : /it 0.25
| | I/ | | | /|
e #1t 05 e (41 05
E— Fr 075 | | | o8
| | 'I 1 | | § p
s E— ,TFW’/L‘ 125 : ! Tt
i i 115 ‘ ‘ ‘ | 115
i i i | i i -1.75 i i i } | -1.75
4175 -15 -125 10 75 5 25 0 445 -125  -10 75 5 25 0
Compressivestrain (x 10 mm/mm) Compressivestrain (x 10 mm/mm)
() (b)

Figure 4.5: Measured compressive stréan () W2-# (b) W3-#

4.6 Curvature

The average curvature over the wall height was determined based on the strain profiles at
different levels along the wall height. The theoretical ultimate curvawgge, was calculated
using an ultimate straim, = 0.0025. Both walls have twelve spring @atiometers (six on
each side) attached to the ends of the walls to measure the axial deformation. The calculated
ultimate and yield curvature for both walls were® w p T and p® ¢ p m rad/mm,
respectively. The measured axial deformations were usedctdata the average curvature over
the height of the walls. In additionthe theoretical yield curvaturg ; and the theoretical
ultimate curvaturgg  were calculated for both walls using the first principles for concrete

section analysis.

For wall W2-# | the average curvature profile is showrFigure 4.6¢a). Robazza et g]18]
studied the cycle of average axial strain versusobplane displacement in an end zone of a
rectangular RMSW subjected to-phane reversed cyclic loading. They observed that wide
flexural cracks were uniformly distributed over the wadight when the end of the wall was
under tension. When the cycle was reversed, and a compression load was applied, the rapid onset
of outof-plane displacement occurred. At this point, two mechanisms of response were

postulated. First, if the owdf-plane displacement exceeds its critical value-agplane failure
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will occur, and this was whatappenedn the 7" push cycle fow2-# . The second mechanism

is when the oubf-plane displacement is less than the critical value. In this case, the flexural
cracks will close, restoring the neagrtical alignment of the wall to its position near the time of

load reversal, with the presence of small residualobylane displacements. This mechanism

can explain why the curvature profile for W2 , could nd be accurately captured using the
strain measurements at the ends of the wall. The comparison between the measured and

theoretical curvatures showed that both yield and ultimate curvatures are overestimated.

The curvatureprofile for W3-# is shown inFigure 4.6(b). The curvature profile for thé"7
and &' cycles was not captured due to face séydilling The maximum measured curvature was
¢ p 1 rad/mm The measuredyield curvature valuevas matching the calculated theoretical
value as shown inFigure 4.6(b) The experimental plastic hinge length can be defined as the
average measured height from the base, where the curvature is inelastic and greater than the yield
curvature,up to the point Were the measured curvature is equal to the yield curvature. The
measured plastic hinge height was approximately 1.8 m, representing almost 15% of'she wall
effective heightThe comparison between the measured and theoretical curvature showed that

yield curvature was accurately estimated, and the ultimate curvatare®verestimated.

As indicated earlier, the loading beam was allowed to rotate during the test, and the angle of
rotation for tested specimens was found to be in the range from 0 slagieestart of the test to
approximately 3.1 degrees at the end of the test. The rotation angle was determined using a high

resolution camera that can capture up to 400 frames per loading cycle.
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4.7 Effective secant stiffness degradation

Calvi et al.[80] proposed the use of affectivesecant stiffness+ 1j ¥) calculated from
the loaddisplacement response of the inelastic structure at the desired level of top displacement,
as a more reliable estimation of theeusture's effective design period. Figut&/ shows the
relation between the normalized effective stiffnesg ¢ ) and the displacement ductility ratio

(YIY ), where+ is the measured initial effective stiffness for the first cyei& @ )sFor both

wallsW2-# and W3-# , the effectivestiffnessmeasured at yield, represented by the horizontal
double dotted line in Figur4.7, was significantly reduced by up to an average value of 37% of
the initially measured stiffness. In addition,etldifference in the failure mode and the
confinement ratio between the two walls have almost no effect on the measured effective

stiffness.
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4.8 Dissipated energy

When a structural wall experiences a flexural bending beyond its elastic limit, a plastic hinge
region, where inelastic rotations are concentrated and substantial seismic energy dissipation
occurs, will be formed in the lower portion of the widlb]. The loaddeformation relationship
shown in Figure4.3 demonstrated larger loops generated by flexural deformations, indicating
high levels of energy dissipated W3-# . The dissipated energy per cycle waswated as the
area inside the hysteresis loop in each cycle. The relation between the normalized dissipated
energy and the displacement ductility ratio is shown in FiguBeTwo normalization methods
were used. In Figuré.8 (a), the dissipated energy each cycle (E) was normalized with respect
to the amount of the dissipated energy at yiélgl).(Both walls have almost the same ratio
between the normalized dissipated enefflp4 at different displacement ductility level¥X
Y ). In addition, the dissipated energy increased with the increase of the displacement ductility
ratio. In Figure4.8 (b), the dissipated energy in each cycle (E) was normalized with respect to

the amount othe input energy% ) calculated as the area under the skeleton curve at a
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particular displacement ductility ratio. The figure shows WWat# hada lower capability to
dissipate the input energy thaw3-# . This difference can be attributed to the-ofiplane
deformationin W2-# . Vertical bars positioned at the extreme tension edge of the section will
be subject to significant tensile strains when the wall exhibits substarpiEinecurvature At

this point, uniformly distributed horizontal cracks over the plastic hinge height cdeertensile
stress in these babecomesero during the subsequent unloading. The compression stresses in
these bars will gradually rise when the direction of the lateral load chambesyvertical
reinforcement must resist the entire internal compression within the section unless the cracks
close. At that point, the vertical steel's stiffnessubof-planelateral deformation is low, which
contributes to the owdf-plane instability by allowing otbf-plane displacements to rise quickly.
However, if the crackslosebefore the entire sectioof the wall that had previously been in
tension is put into compression, masonry compressive stressesgaljen the area, increasing

its stiffness taut-of-planelateral deformation and helping to prevent instab[2¥]. The effect

of the outof-plane deformation on the -plane dssipated energy started at yieM/ith the
increaseint he wal | §the ootof-plana teftomationincreaseswhich contributeso

dissipating a portion of the input enef@¢#].
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Figure 4.8: Normalized energy dissipation capacity (a) normalized over energy dissipated at the
yield (b) normalized over input energy.
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4.9 Conclusions

Test results showed that the proposed system could provide treé sitength and ductility
required to resist earthquake events and that the average measured compressive strain was almost
four times the limit specified in CSA S304!. The results also showed that single-afyplane
support at the loading beam level svenadequate, leading to eoftplane failure. When
additional owtof-supports were provided, the failure mode changed to web crushing and
buckling of vertical web reinforcemerithe test results showed that the proposed experimental
setup and its contradystem has the capability to apply the lateral forces and top moments
simultaneously. Therefore, it can mimic the loading conditions on the plastic hinge zone of a 12
storey high masonry wall. The proposed system was used to investigate the effectagfrigcre

the confinement ratio in the boundary elements on the seismic response of the RMSW.

From the constructability point of view, it was proved that theh@ped units provided the
lateral strength as designed and provided the engineer with the optrmrezsing the vertical
and confinement reinforcement, as well as the flexibility to change the boundary element length.
Additionally, it is estimated that using-$haped masonry units to form the boundary elements
can reduce the required manpower andtiime needed to build the wall by 50% and 67%,

respectively, compared to the walls constructed using regular stretcher units.

The two testedRMSW representing the lower panel zone of asi@ey building (plastic
hinge zone) were constructed with similar dimensions and vertical and horizontal reinforcement
configuration but with different confinement ratios in the boundary element. The test results
showed that the proposed system could providdateral strength and ductility required to resist
earthquake events. The tested walls were dominated by a flexural failure mode, which is
characterized by the yielding of vertical reinforcement and the development of horizontal cracks.
However, no vertial reinforcement buckling or crushing in the grouted core was observed due to

the presence of additional confinement reinforcement in the boundary elements.

The test results showed that single-ofiplane support at the loading beam level, which
partially violated the CSA S30644 [20] requirements, was inadequate, and arobytiane
failure occurred at almost the first @ush cycleat the midheight of the wall. Nesrtheless, the
wall had a ductility factor of 7 and maintained the lateral and vertical capacity till the last cycle.

When two outof-plane support levels were provided at the loading beam level anfldost
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level, the wall failed at the secontf Bushcycle due to web crushing and buckling of vertical
web reinforcement, which in turn applied a lateral pressure on the grout and the face shell and

caused wall failure.

The result showed that the eaftplane failure affected the curvature of the wall,exsally
for those cycles prior to reaching the -@fiplane displacement critical value. The effective
lateral stiffness for RMSW with -shaped boundary elements did not get affected by the
confinement ratio or the failure mode. Lastly, both walig-# and W3-# have almost the
same ratio between the normalized dissipated enéf ( at different displacement ductility
levels. However, the owdf-plane failure reduced the capability of the wall to dissipate the input

energy.

The results also showed no observed sliding between the boundary elements and the web,
validating the strain compatibility assumptio
CSA S30414[20] design provisions.

In summary, the results of thihapterdemonstrated the great potentiaRMSW with MBESs
formed by the proposed-§haped masonry blocks to provide the strength and ductility required
for lateral force resisting systems in medium to high rise masonry builditaygever, stronger
boundary elements were not able to provide betteoptan support to the welihus,there is
no potential to increase the web-supported height recommended by CSA S384In this
case hypothesis #1 is not confirmealid. The comparison between the three testedswath
regards to theonfinementatio in the boundary elements was not established due to the failure

mode of wallsw1-# andW2-# . Hypothesis #2 will be checked numerically in chapter 6.
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Chapter 5

Effect of boundary elementdetails

5.1 Introduction

Using the testsetup described in chapter 3, this chapter a@mngvestigatethe effect of
changing thédoundaryelement size and vertical reinforcement ratio ons#iemic behaviour of
the RMSW-BE (Hypothegs #3 and#4). In addition, the possibility of increasing tHectility
reduction factor2 , recommended by NBCC 20]%1], was also experimentally investigated
(Hypothesis#b). Due to he early face shefipallingobserved in phase omé the experimental
work, masonry units with higher strength were used in phase two. In phasdahtee
RMSW+BE were built and tested.

Oh et al.[81] investigated the effect of modifying boundary element details on the shear
wallé deformation capacity by testing four reinforced concrete shear watlerding to Oh et
al., increasing the confinement in the boundary elements can greatly boost tike wall
deformation capability. Changing the wall cr@gstion from rectangular to barbell shape, while
maintaining the same vertical and transverse reinfioece ratios in the boundary elements had a
small influence on the wall respong®.critical review of the available literature showed that
there is a shortage of previously tesRldSW+BE Except for one wall examined by Shedid et
al., the boundary elemenin these examined walls were formed from ordinary stretcher blocks
[8]. The use of stretcher masonry units limits the geometrical form of the boundary elements to a

square crossection and the vertical reinforcement to four bi@3]. Furthermore, utilizing
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standard stretcher units without reshaping them manually cannot accommodate confinement
hoops with differentspacing to achieve the code requirements of the vertical reinforcement
buckling prevention tief33].
h

Comparing W4-# and W5- # ﬁﬁ would determine the effect of changing the

boundary element length when keeping the same amount of verteeal nf or cement on
behaviour, whereas compariys-# ﬁﬁ and We-# ﬁﬁ would investigate the effect of

boundary el ement wvertical reinforcement ratio

1.5 MPa vertical stress.

5.2 Materials

For the three walls presented in this paper, the concrete compressive s#Eeng#s
obtained according to ASTM C39M46 [84] by averaging theesults of three cylindrical
specimens (100 mm in diameter, 200 mm high). The concrete average compressive strength of
the toploading beam was 48.3 MPa (with a coefficient of variatio®.V. = 10.8%), and the
average compressive strength of the conaretthe bottom footing was 41.0 MP&.0.V. =
4.8%). The masonry units used in these tests were manufactured and supphedChypada
Masonry Design Center (CMDC). The average compressive strabgitiihe three half scale
standard stretchenasonry units was 34.7 MP&.0O.V. = 7.6%), and for the four coupons of
boundaryelementunits £ was 22.8 MPa(.0.V.= 4.8%) according to CSA Al1654[85] and
ASTM C14015([77]. Readyto-use typeS mortar was used to construct the walls. Mortar cubes
of dimensions 50 %0 x 50 mm were tested according to G8A A17914 [86] and ASTM
C109M-13 [87] standards. The average compressive strengtheden mortar cubes was 15.1
MPa (C.0.V=16.1%). Two types of fine grout mixes werged for grouting the walls. The first
type was high strength grout used in the boundary elements, and the second was normal strength
grout used in the wall's web. The average compressive strentihrohe normal strength grout
cylinders was 31.3 MP&(0O.V.= 9.5%). The average compressive strengtthefwelve high
strength grout cylinders was 43.2 MRa.Q.V. = 15.5%). The grout strength was obtained
according to CSA A17944 [86]. Five fully grouted fowblock high boundaryelementprisms
were constructed using-€haped block units and tested accordingC®A S30414 [20]. The
average compressive strength of the bounadeynentprisms,/ £, was 25.4 MPaQ.O.V=

8.0%). Eight fully grouted foublock high prisms were also constructed using standard stretcher
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blocks in runningbondsto obtain the compressive strength bé twall's web. The average
compressive strength de three web prismsE, was 11.3 MPaG.O.V. = 12.0%). The yield
and ultimate strength of #3 vertical steel bars were obtained according to ASTM AGLEE]

and found to be 460 MPa and 680 MPa, respectively. The sisddgthsof the D4 and D8
structural deformedires determined from the tensile test were 590 and 535 MPa, respectively.

5.3 Theoretical response of the walls

The theoretical responses of the walls were determinedrasdmmarized in Tabl.1. The
predicted wall flexural capacity shown in Taldid is the probable moment capacity calculated
without taking into consideration the material strength reduction factorsn(i.es,n = 1.0) to
predict the actual wall resistance. This value was teatheck the capacity of the test setup
From the tensile test for the vertical steel rebars, the obtained yield strain and the yield stress
were 0.0023 and 460 MPa, respectively. The yield lateral Ibay yield curvature ¥ ) and
yield displacement3{ ) were obtained using elastic analysis for the wall section. The extreme

fibre ultimate compressive strain in the grouted masonry boundary element rinifswas
calculated using Equatidil driven from CSA S3044 c¢l.16.11.20][14] as follows:

R _ — Equation5-1

where! s the total effective area in each of the principal directions of the cross section within
spacing3 between the reinforcement hoops, is the crosssectional area othe core of the
boundary elementE is the specified yield strength of hoop reinforceméntis the ratio
between the number of vertical reinforcement bas T ¢ ,! is the gross crossectional

area of masonryE is the compressive strength of masonry normal to the bed joinEaisthe
dimension ofthe core ofthe rectangular section measured perpendicular to the direction of the
hoop bars teheoutside ofthe confinementoop.

Moreover, the ultimate lateral loads 5 and 1 5 were calculated using the
equivalent stressltick described in CSA S3e#4 [20] assumingthatr is either equal to
0.0025 or the value obtained from Equatt®f, respectively. Subsequently, the corresponding
ultimate curvatures3 s ,3 5 ) and ultimate displacements-(s ,3 5 ) were
calculated accordingly. The ultimate displacemeities were calculated at the top of the wall.
As the plastic hinge lengthplaffectsthe value of the plastic deformation, the ultimate wall
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displacement was obtained using three plastic hinge length models. Eq%e?i0B8 and 5-4
were proposed by Pky and Priestleyff15], CSA S30414 [20], and Bohl and Adebd9],

respectively.

, T, Equation 5-2
, ™), THE Equation 5-3
, g, @& pa el g ), Equation 5-4
Table 5.1: Theoretical response of the walls
wa-# L wss N owes "
Qy (kN) 54.04 51.62 51.58
Cy (mm) 403.03 408.80 412.89
€y (rad/mm) 1.89E06 1.96E06 1.97E06
@ (mm) 3.57 3.71 3.72
Qu,0.0025 (KN) 75.48 77.03 71.23
Co.0025(Mmm) 179.25 196.13 200.32
€0.0025(rad/mm) 1.39E05 1.27E05 1.25E05
C/lw 0.10 0.11 0.12
Qu,- a 6(kN) 75.48 77.31 71.71
C. a {mm) 161.52 190.09 198.35
&- &« grad/mm) 2.18E05  2.70E05  2.11E05
C/lw 0.09 0.11 0.11
g.002s(Using LP1) 23.74 21.83 21.39
® «s(Using LP1) 36.83 45,78 35.93
o.0025 (Using LP2) 37.17 33.74 32.99
® a Using LP2) 58.95 73.43 57.08
g.0025(Using LP3) 28.49 26.02 25.46
o a {Using LP3) 44.64 55.50 43.36

The yield and ultimate curvatures and displacements were calculated based on equations
provided by Paulay and Priest[{t5]. The prediction calculations revealed that the wall's
displacement response was affected by the plastic hinge length and the ultimate masonry
compressive strain. The theoretical prediction of the response of the walls is compared with the

experimentally measad response in the following subsections.
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5.4 Results and Discussion
5.4.1 Force-displacement relationship and failure mode

The tested walls were dominated aylexural failure mode, which was characterized by
buckling of the vertical reinforcementbar horizontal cracks and crushing of the grouted core
at the wall toes. The foredeformation relationship for the three tested walls is shown uré&ig
5.1(a toc). The first yield displacemenbDf) was defined as the displacement corresponding to
the yielding of the outermost vertical reinforcement. The three tested walls had a hardening
response. The force values in g 5.1a to c) were corrected to accouat the horizontal force
component in the vertical actuators. Due to this correction, there was a small difference between
the forcedisplacement relationship and the applied mordésglacement relationship. For
clarity, the momentlisplacement relationghiwas omitted fronfigure5.1(a to ¢). The wafs
lateral displacement was reported at the-figir level andat the top of the tested wakor the
tested walls shown iRigure6, the cracksarelocalized at the firstloor level, and fewer cracks
areextended to the second floor.

The effectsof changing the boundary element length and vertical reinforcement ratio on the
response of the tested walls are showRigure5.1 (d). Changing the boundary element length
f

had almost no efict on the lateral resistance of the wall. The Weélll-# ;" with a longer

boundary element has a ductility ratio of 14 compared to 13 for the wall with a shorter boundary

element, wall W4-# ﬁﬁ . This increase in ductility can be explained by the increase in the

ultimate crushing strain in the wall built with longer boundary elements. This increase was due to
the vertical reinforcement and confinement hoop detailing in the boundary elemeetldngar
boundary elements, every steel rebar was tied with a confinement hoop compared to the shorter
boundary elements, where only four of eight bars were tied with a confinement hoop. Tying
every vertical steel rebar has the effect of increasing teagitr and ductility of the boundary
elementq88]. Increasing the ultinta crushing strain reduces the compression zone depth to the

wall length ratio {), which results in a more ductile section. The test results of Wiig ﬁﬁ

andWe-# F]h showed that increasing the vertical reinforcement increased the lateral capacity

of the wall. The effect of increasing the vertical reinforcement on the ductility is discussed in the

ductility section of thichapter
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With increasing lateral load, verticaplitting cracks appeared in the boundary eleemd
spalling occurred and eowered the intact grouted core. Increasing the lateral displacement led
to crushing in the toe zone of the confined core and buckling of the vertical steel bars in the
bounday elements. The foredeformation relationship considers the horizontal component of
the vertical actuators. In general, the tested walls had high deformation capacity, which can be
represented by high displacement ductility and a large drift ratio. itiaddhe tested walls had
a large energy dissipation capacity, which can be represented by the large and wide hysteresis
loops. The tested walls were able to maintain their lateral capacity under large inelastic
deformation.

For W4-# ﬁﬁ , the yidd lateral loads,l , were 56.6 and 54.3 kN, whereas the

corresponding first yield displacements were 5.7 mm and 5.5 mm, in the push and pull
directions, respectively. The average first yield displacement was taken as 5.6 mm,
corresponding to 0.23% drift ¢he top of the wall, and it was used as the reference displacement
for the next loading cycles. The ultimate lateral loads measilreaere 74.50 and 74 kN in the
push and pull directions, respectively, corresponding to a displacement of 66 mm (2t&®o dr
the top of the wall). The wall reached a lateral load of 70 kN (95% of the ultimate lateral load) at
63 in the push direction and as-8in the pull direction, then it kept slightly hardeningtil

123 when it reached the measured ultimate |latesd.

Spalling of the masonry face shell of the boundary elementghm push direction was
observed at ¥ . It was initiated by a vertical crack that was observed at the grouted core and
masonry face shell interface. Face shell spalling extendieé third course in the push direction
at 103 and to the second course in the pull direction as 11Buckling of the vertical
reinforcement in the boundary elements and grout core crushing occurred in the push direction at

123 without noticeable strenigtdegradation, as shown kigure5.3(a). The first reinforcement
rebar rupture occurred during the first cyclaha# 133 , which led to rapid strength degradation,

upon which the test was terminated in the second pustsof ERjure5.2(a) shows the observed

cracks ofW4-# F]h

For W5-# ﬁh , the lateral yield loadd, , were 56.4 and 54.8 kN in the push and pull

directions, respectively. The correspondaigplacementsor the lateral load at yieldvere5.4

and 6.6 mm. The average first yield displacement was 6.0 mm, which corresponded to 0.25% of
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the wall drift at thetop of the wall and was used for the next cycles as a displacement increment
factor. The ultimate lateral loadk, , were 77.9 and 74.9 kN in the push and pull directions,
respectively. The displacement corresponding tavas 66 mm (2.77% drift at the tayg the

wall). At 63 in the push direction ands7 in the pull direction, the wall reached an average
lateral load of 72 kN (95% of the ultimate lateral load) and then continued to harden slightly

until 113 , when it reached the measured ultimate lategd. The spalling of the masonry face
shell on the side of the boundary element in the push direction was obsergedast $hown in

Figure5.3 (b). The vertical cracks between the grouted core and the masonry face shell initiated

face shell spalling. e spalling of the face shell extended to the third coursesat The failure
occurred at the first push of #4when buckling of the vertical reinforcement and crushing of

the grouted core took place. The first diagonal shear crack was obgethedscond cycle of

63 at the firstfloor level, and it continues to increase wititreasinglateral displacement. It

was also observed that the number of diagonal shear cracks was lower ikVBv&ll HF‘

compared to waNV4-# F]ﬁ . The cracks in waW5-# HF‘ are shown irFigure5.2 (b).

For We-# ﬁﬁ , the lateral yield loadq, , in the push and pull directions were 53.60 and
45.12 kN, respectively. The corresponding displacements for the lateral loads atejiel8.9

and 4.8 mm. The significant difference in the yield lateral load and displacement between the

push and pull directions was due to a grout cavity observed in the web area during testing of the
wall. To prevent such cavities from forming in a wadtljs a good practice to use cleant

during construction. The average first yield displacement was 5.3 mm, equivalent to 0.22% drift

at the top of the tested wall and used as the reference displacement for the next cycles.

The ultimate lateral loadg, , were 67.76 and 66.34 kN in the push and pull directions,
respectively. The displacement corresponding tavas 69 mm (2.89% drift at the top of the
wall). The wall reached an average lateral load of 64 kN (~95% of the ultimate lateral load) at
the 3" cycle in the push direction and th& @ycle in the pull direction. It then continued to
harden slightly until the #Bcycle, when it reached the measured ultimate lateral load. The
vertical cracks and crushing of the boundary elelmdate shell at theoé zone took place at

83 , as shown irFigure5.3 (b). Vertical cracks in the boundary elements propagated the 9"

cycle at 13- . Boundaryelementface shell spalling started at the toe zones at 1At 143,
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buckling of the verticateinforcement occurred at thd" Boundary element course, causing a

drop in the wall lateral capacity. The cracks of wal-# HF‘ are shown irFigure5.2(c).

Table 5.2 shows the comparison between the predicted and the experimentally measured
response. Fothe predicted values, the maximum compressive strain used was 0.0025 as per
CSA S30414 [20] clause 16.8.6, and the equivalent rectangular masonry stress block was
@) UE as per clause (10.2.6Jhe shown experimental values were the average of thegmash
h

pull directions, except for the yield strength value W6-# ~ , where only the value of the

push direction was used due to the cavity on the west side of the wall. For the predicted ultimate
displacement values, the valuegre calculated usg Equation 51 based on the ultimate
compressive strain of 0.0025 and the plastic hinge length. The comparison indicated that the
predictions underestimated the yield strengthlb96 to 21% compared to the experimental
values. In addition, the prediction underestimated the ultimate lateral resistance for the walls by
23% to 28% compared to the measured lateral resistance. The lateral strength predictions showed
that CSA S304L4 [20] provisions provide an acceptable safety margin for the lateral strength
design valuesf the walls. The equations underestimated the first yield displacemed#9o to
43% and the ultimate displacements by between 40% and 57%. For the ultimate lateral
displacement, the significant prediction errors could be attributed to the differentte in
compressive strain value used by the codethadstraindetermined experimentally and due to
the length of the plastic hinge region.

Table 5.2: Experimental an@redictedforces andlisplacements

Wall QY QU 0 ¢ o] t

(kN)  (kN) (mm) (mm)

§ Experimental 55.46 74.32 557 72.41 13

Wa# " Predicted ~ 46.79 54.36 3.7 43.46 10.7
Relative error 16% 27% 34% 40%

5 Experimental 56.60 76.45 6.00 84.00 14

Ws-# " Predicted 44.62 55.41 3.42 35.82 9.84
Relative error 21% 28% 43% 57%

§ Experimental 53.60 67.05 5.36 75.04 14

We-# F,h Predicted 4458 51.76 3.43 35.17 9.59
Relative error 17% 23% 36% 53%
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Figure 5.2: Wall crack pattern for ayv4-# ﬁh , b) W5-# HF‘ and c)We-# ﬁh
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Figure 5.3: Cracks and reinforcement buckling at the toe zog 4} HF‘ , D) W5-#
and c)W6-# "

5.4.2 Displacement ductility

The displacement ductility ratfo represents the ratio between the ultimate displacement
(3 ) and the yield displacemensg () for an elastigerfectly plastic system as described by

Equation5-5:
t — Equation 5-5

The first yield displacement was taken as the displacement at the onset of yielding of the
outermost vertical reinforcement bars at the end of the wall. Since no strength degradation was
observed in the tested wallstil the last cycle where the failure occurred, the ultimate
displacement was considered the maximum displacement recorded for the wall$.3 abtevs
the measured first yield displacement, the ultimate displacement, and the displacement ductility
ratio for the tested RMSW without considering the idealized fate®rmation relationship.

From the test results a4-# HF‘ and W5-# ﬁF‘ , it can be concluded that increasing the

boundary element length by 50% increased the measured first yield displacement by 7.14% and
the measured ultimate displacement by 15.388%ditionally, it provided an enhanced

displacement ductility ratio. The testsults ofW4-# F]F] and We6-# HF‘ showed that the

wall reached almost the same ultimate displacement and attaimgterdisplacement ductility
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ratio when the masonry boundary element length was increased, andrtesd reinforcement
was used. Comparing the response¥\-# ﬁﬁ , and W6-# ﬁﬁ showed that reducing the

vertical reinforcement ratio in the boundary elements led to a reduction in the yield and ultimate
displacement by 12.14%.

Reinforced masonry shear walls have different yield mechanisms due to their geometry,
detailing and mateai properties[47]. According to the available literature, there are many
approaches to idealize the fordisplacement relationship dRMSW [89]. None of these
methods is preferablf90]; however, the most commonly used method is the equal energy
concept, in which the area under the actual falef®rmation curve is equal to the area under the
idealized curveFigure 5.4 shows the idealized foragisplacement relationghifor the three
tested walls. The difference between the idealized ultimate stréngttand the measured
ultimate strengti was negligible (i.e., within 3%]}hus the two values were considered equal.
The idealized forcelisplacement relationship wakvided into elastic and plastic zones. The
elastic zone corresponded to the area under the line that extended from the zero point to the
idealized yield point1 RY and passed through the measured vyield pdinty . The
plastic zone was the area @ndhe plateau line that extended from the idealized yield point

1 Y  to the ultimate displacement poirit fY . The idealized wall response and idealized

di spl aceme pijaredshowrtin TRLIBI3Y ( €

Table 5.3: Experimental and idealizéddrces andlisplacements

Qy Qu ¢ R t  Qud Bd Qid
(kN)  (kN) (mm) (mm) (kN)  (mm) (mm)

Wa-# " 55.46 74.32 557 72.41 13 7233 7.16 7241 10

Wall

Ws-# " 56.60 76.45 6.00 84.00 14 75.06 7.24 84.55 9.87

We-# ;"  53.60 67.05 5.36 75.04 14 66.46 7.29 758 10
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Figure 5.4: Idealized force displacement relationship for a) Wall 4, b) Wall 5and c) Wall 6

5.4.3 Ultimate compressive strain

The relationship between the average measured compressive strains at the ends of the walls
and the normalized measured lateral force for the tested walls are shéigura5.5a to c).
The vertical displacements at thall ends were masured at heights of 340 mm, 680 mm, and
1020 mm from the top of the footings of the walls. The discontinuity in the measurements was
due to face shell spalling arlde loss ofthe brackets thdteld the potentiometers. The average
measured ultimate masonry compresstrain for the three tested walls was 101Gm/mm
which was four times the design value recommendedCBA S30414 [20], i.e. 2.5x16
mm/mm.

Figure 5.5(d) shows a comparison between the measured axial compressive strains in the
three walls averaged over 340 mm height (2.8% of the total effective height of the wall) at

different ductility ratios. The comparison betweaf-# HF‘ and W5-# HF‘ shows that

increasing the aspect ratio of the MBEs and the configuration of the transverse reinforcement

slightly increased the measured compressive straiNg5## F,F‘ . This can be attributed to the
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increase in the confinement reinforcement ratio in the boundary elemews-sf ﬁﬁ . These

results support the findings reported Welt et al.[88], which showed that the contribution of
changing the aspect ratio of the BE had a negligible influence on the measured compressive
strains. However, it was also reported that increasing the number of tied vertical steel bars in the

transverse direction ineased the measured compressive strains. Thus, the increased measured

strains inW5-# :" were attributed to the enhancement of the confinement reinforcement

configuration rather than the increase in ldmegth of the MBEsThe comparison betweafs-

# ﬁh and We6-# ﬁh shows that increasing the vertical reinforcement in the boundary

element increased the measured axial compressive strain.
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Figure 5.5: Measured compressive strain (s3-# Hh , (b) W5-# HF‘ , (C)We-# ﬁh ,
and (d) Measured compressive strain at diffedeswtility levels

5.4.4 Stiffness

Because low to moderate magnitude earthquakes frequently occur, there is a need for walls
with adequate lateral stiffness to control deformations during these events. This helps prevent
instability (local and global), alleviatbe damage to nestructural elements, and ensure human
safety. Calvi et al[91] proposed using the secant stiffness in the context of displacéased
seismic design to improve the dretion of the response of a seismic feresisting system to
shear forceThe effectivelateral secant stiffnesg, , is defined as the slope of the line from the
zero point to the peak point of each cycle of the falisplacement relationshig:he inital
stiffness E , was taken as the effective stiffness for the first cyn# v sin the studied RMSW.

The stiffness degradation was normalized by dividing the effective stiffness for each cycle by the
initial stiffness E j E . Figure 5.6 (a) shows the adionship between the effective stiffness and

the top of the wall's lateral displacement for the three tested walls. All walls showed the same
stiffness degradation pattern, with a considerable stiffness drop at low drift levels relative to the
initial wall stiffness. The measured values of the initial stiffné&ssand stiffness at the yield

strength E , at the ultimate strengtl: , at the ultimate displacemertfy and at different

top of wall drifts (0.5%, 1.0%, 1.5% and 2.0%) are shown in TableThd.measured initial
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stiffness values for walls with larger boundary elemek¢s-# ﬁﬁ and W6-# ﬁh ) were

approximately100% higher than those for theall with a smaller boundary elementv4-
# ﬁﬁ )- This can be attributed to the increase in the moment of inertia and axial load to

maintain the same axial stress lefeg walls with 190x290 mm BHn addition, since the initial
stiffness was taken as the effective stiffness for the first cyge v 3and the wall with
190x190mm BEshasthreevertical bars at the outermost side of the wall compared to two
vertical bars in 190x290 mnBEs walls. Wall with 190x190 mm BEundervent more
displacement taneasure0.25 of theyield strain in the verticabars. Thisincrease in the
displacement witta minor difference in the lateral loadsudd also contribug to the observe

lower initial stiffness in walls with 190x190 mm BEshd& measured stiffness #te yield
strength, ultimate strength and ultimate displacement points were almost the same for the three

tested walls. The secant stiffness at first yiéld , which is a ginificant parameter in the design

process of RMSW, was 64% for walN4-# HF‘ and 30% for wallsW5-# HF‘ and We6-

# " . Thethree walls, regardless of their boundary element sizes and reinforcement ratios,

had almost the same effective secant stiffness starting from the yield cycle until the failure of the

walls. A comparisonof walls W4-# F]ﬁ and W5-# ﬁﬁ showed that the boundary element

size influenced the initial stiffness of the tested walls. The comparison betweenWtalls
# HF‘ and We- # F,F‘ also showed that the vertical reinforcement ratio of the MBE

significantly influenced thestiffness of the wallsFigure 5.6 (b) shows the variation the
normalized wall stiffness averaged in both loading directions with respect to multiples of the first

yield displacement3{ |3 ). The three tested walls showed the same stiffness degradati

trend. However, wallW4-# ﬁh , with a smaller boundary element, had a higher normalized

stiffness compared to the walls with larger boundary elements.cénie attributed to the

lower initial stiffnessof W4-# "

Table 5.4: Experimentally measured stiffness

Wall ki Ky kou Kepu 0.5% 1.0% 1.5% 2.0%
_ (KN/mm)  (kN/mm) (kN/mm) (kKN/mm) (KN/mm) (KN/mm) (kKN/mm) (kKN/mm)

wa-# " 1556  9.91 1.2 1.02 5.8 3.05 1.99 1.2
W5-# 32.1 0.8 1.14 0.89 533 2.87 2.00 1.25
We-# " 31.04 9.53 1.11 0.87 5.16 2.81 1.82 1.33
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Figure 5.6: measured lateral stiffness (a) Relation between effective stiffness and the top of wall

lateral displacement, and (b) Relation between normalized lateral stiffness and ductility level.
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5.4.5 Curvature and curvature ductility

Figure 5.7(a to c) presents the curvature profiles of the tested walls at different displacement
ductility levels. The reported curvature values were determined using the vertical deformations
detected by LVDTs L4.12 positioned on the ends of the tested svalhe results were averaged
for each of the six gauge lengths shown in Figure 3.10 for the three tested walls. The curvature
profiles are presented along the heights of the teswts, which represest16.4% of the
effective wall height E ). The cunature values at the start of the first yield in vertical

reinforcement® ), measured within the first 340 mm gauge length, are shown in TablEh®.5.

measured yield curvature for walN4-# ﬁh (with the smaller boundary element) was less

than the measured yield curvatui@ walls W5-# HF‘ and We6-# HF‘ (with the larger

boundary element) by 26% and 18%, respectivé@lge difference in the measured yield
curvature can be attributetdo t he di fference in the wallsb
arrangement, the difference in the applied axial load and the moment value at the yield point.
The measured ultimate curvaturg, , for the three tested walsastaken at a ductility level 9

since the readings were subsequently discontinued due to face shell spalling. The measured

ultimate curvature for waNV4-# F]ﬁ (with the smaller boundary element) was less than the

measured yield curvature in wall&/5-# HF‘ and Weé-# F,h (with the larger boundary

element) by 9% and 7%, respectiveliyis also can be noted that althouglb-# ﬁﬁ has a

highere  value when compared W4-# ﬁh , Wa-# ﬁh has higher curvature ductility

due to its lowes value Figure 5.7 (d) shows the relationship between the normalized total
applied moment with respect to the yield moment and the average curvature measured over 340
mm from the top of the wall foatg for the three tested walls. The comparison showed that the
three walls, regardless of their configuration, had approximately the same normalized moment
curvature relationship until the yield point. However, notably, above the yield point, the increase
in the BE size and vertical reinforcement resulted in an increase in the measured cutvature.

also can be notedth Figure 5.7 (d) thawe-# ﬁﬁ experienced aminor reduction in the

measured moment capacigt the 8 cycle due to concrete crushingdowever, walls W4

# " and W5# HF‘ did not experience this reductiatueto the higher confinement ratio

in boundary elements dhese wallswhich increase the BE core capacity92]. Due to the
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testing frame limitations, the wall height was not enough to capghedull extent of the
plasticity zone of the tested walls as shown in Figureg®.t0 c).Neverthelessthe equivalent
plastic hinge lengtlx can be obtainefbllowing the methodlogy proposed by Salim et.§82].
This methodologyis based on &pical momentcurvaturerelationshipwherea reduction in the
moment capacity is expextdue to concrete crushing after reachitsgmaximumvaluein the

ascending portion dhe momentcurvaturerelationship Therefore W6-# ﬁﬁ resultscouldbe

used toestimatelx . Figure 58 (a) shows the momersturvaturerelationshipwhere M=806.1
kKN.m is the maximum bending moment on the ascendgiag of the momentcurvature
relationship M2>=801.3 kN.m is the reduced momedie to concrete crushing ands:824.5
kN.m is the maximum moment capacity of the wall.Higure 58 (b), the equivalent plastic
hinge lengtha , was obtained byintersecting M line with a vertical line drawn from the

minimum moment value M The Figure 5.8 (b) shows that equal to 1.6 mThe idealized\6-

# ﬁh curvature profile is shown in Figure 5.8.(&Yhen comparing thebtainedx value with

values estimated in section 2.4, it can be seen that the equation proposed by Mattock (1967)

I 18t & is providing themost accuratestimateof plastic hinge hight.

Table 5.5: Experimentally measured curvature

WaIIV x105(§ad/mm) xlO%ra;/mm) t t
Wa-# " 0.22 2.36 10.7 89
W5 0.30 261 87 9
We-# ;" 0.27 256 107 92

*Measured at the'®cycle
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Figure 5.8: W6-# F,h a) Momenicurvature curve b) Equivalent plastic hinge length
c) Idealized curvature profile.

5.4.1 Ductility modification factors

Reducing the design forces led to more inelastic deformations in the structure and,
consequently, greater yielding of the vertical reinforcement and crushing of the masonry. This
inelastic deformation can be accommodated by the structural system, enisatitige wall will
not experience a sudden strength degradation in the inelastic zone and provide an adequate
ductile response. Moreover, displacement dachagein the structure must be weadbntrolled
[15]. The inelastic response provides two advantages: it increases the natural period of the
structure, and it is cosffective.

The National Buding Code of Canada (NBC(@21] recommends reducing the elastic force
by the product of the ductilityelated force modification facta?, , and the overstrengitelated
force modification factor?2 . The elastidisplacements are then multiplied by the produ@
to determine the inelastic displacements corresponding to the design lateral lo2d.vahee of
the ductile reinforced masonry walls is 3a@d the2 value is 1.5. The NBC@21], in contrast,
allocates a2 value of 3.5 and a@ value of 1.6 to reinforced concrete buildings built with
ductile shear walls. ASCE-¥6 [93] assgns the sam@ value of 5.0 to botlspecial reinforced

concrete and special reinforced masoshear wall structures. This section illustrates the

99



possibility of increasing the values of the ductiligfated reduction factors for ductile RMSW to
match tle Ry value of ductile reinforced concrete walls.

Based on experimental observations in the published literature, two concepts were proposed
to measure the ductility modification factor (D.M.F)5][33]. The "equal displaceemt"
principle is used for lowirequency systems up to 2 Hz, where the greatest displacement for an
inelastic system is equéb or near the maximum displacement for an elastic system with the
same initial stiffnressThe D.M.F for an equal displacement teys is equal to the system
displacement ductilit t . In contrastthe second concept tife equal energy technique is
valid for systems with frequencies ranging from 2 to 8 Hz. The energy under the load
displacement curve of the elastic system up éontlaximum displacement is equivalent to that of

the perfectly elastic plastic system when subjected to the same seismic excitation, which results

in a D.M.F equal to ¢t p [24].

For a structure witha natural period greater than the pedikhe design regmse spectrum at
0.5 seconsd the inelastic systet® maximum displacement is similar to that of an elastic system
with the same stiffness as the inelastic system's initial elastic stiffness but unlimited strength
[15]. For atwelvestory building, the estimated period @t vQ * , where'Q is the building
height as specified by NBCC 20181] is 0.75 second. Thudn this study, the equal
displacement approach was used to quantify the D.M.F as suggested by thesbotebased
design codefo1].

Table 5.6 shows the calculated and2 values, wherd is the measured yield strength,
1 is the idealized ultimate strength, is the design ultimate strength ahdis the ultimate
strength 6r an equivalent elastic system. Figur@ $hows the calculated ultimate strength for an
equivalent elastic system for the three tested walls.oleestrengtifactor,2 , was calculated
as the ratio between the idealized ultimate strength increasedbwaridthe yield streng{l35].
The ductility reduction factor was calculated as the ratio between the ultimate strength for an
equivalent elastic system and the idealized ultimate strength. The minimum calculated ductility
reduction factofor the tested walls waaspproximatelylO, which highlights the strong potential
for increasing the recommend2d value by NBCC 201%21] for reinforced masonry ductile
walls. More experimental dataeneeded to investigate the force reduction factor for RMSW on
the component level. In atition, investigation on the system level by implementing FEMA P
695[94] methodology is required.
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Table 5.6: Strength and ductility modification factors

Wall Q  Quo Qu - Qe 2 2 22
(kN) (kN) (KN) (kN) 171 pd 1 j1

Wa-# " 55.46 72.33 54.36 729.65 10.08 1.43 14.46

W5-# " 56.60 75.06 55.41 876.2 11.67 1.46 17.02

we-# " 53.60 66.46 51.76 690.27 10.38 1.36 14.16

Top of wall drift %

ift O,
Top of wall drift % 0 042 084 126 168 2.1 252 2.94 336 3.78
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Figure 5.9: Idealized inelastic response VS elastic response f4al ﬁﬁ , b) W5-# ﬁh
and c)We-# ﬁh
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5.4.2 Energy dissipation and damping

Energy dissipation is a critical factor structural member seismic performance. Higher
hysteretic damping is provided through energy dissipation, resulting in a smaller force to be
resisted bythe wall. The area enclosed by each hysteresis loop of thedédadmation
relationship of the testedals was used to compute the dissipated enéyat(each ductility
level. Figure 510 (a) shows the relationship between the dissipated eng§gyo(malized with
respect to the dissipated energy at the yield cy#g énd the displacement ductility kelv
f

Because of the increased number of cycles, Wall# " dispersed 32% more energy than

wall W4-# F]h . However, the energy dissipated by each cycle in wall # ﬁh was

higher than that of wallV5-# HF‘ due to the shift of the vertical reinforcementif-# "

towards the ends of the wall. These findings are consistent with &gpai results, which
revealed that walls with higher concentrated vertical reinforcement released 50% more energy.

The comparison between wall&/4-# F]ﬁ and W5-# HF‘ showed that, with the same

vertical reinforcement area, walls with large boundary elements dissipated more energy in total
due to the increased number of cycles. However, walls with smaller boundary elements

dissipated more energy per cycle. Comparing shalb-# ﬁﬁ and We6-# HF‘ showed that

reducing the vertical reinforcement ratio in the boundary elements led to the expected reduction
in the amount of dissipated energy. This reduction was due to the reduction in the lateral strength

of the wall. Another approach is to normalize the dissipated energy with respect to the input

energy %o ).

The input energy% , at each displacement increment was estimated as the area under the
skeleton curve of the firdtysteresis loop to that dispkment level. Figure 50 (b) shows the
relationship between the dissipated energy, normalized with respect to the input energy, and the
displacement ductility level. The three tested walls had the capability of dissipating
approximately the same input egg up to ductility level 2. The amount of energy dissipated by
the three walls increased by 23% on average between ductility levels 1 and 2. After ductility
level 2, the rate of increase in the dissipated energy decreased until ductility level 10 hehere t

dissipated energy reached mmximumvalue until failure. By comparingWs-# ﬁﬁ andW6-

# ﬁh it can be observed thatalls with a higher reinforcement ratio in the boundary
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elementdhavemore energy dissipation capabilifijhe difference in the dissipated energy can be

attributed to the higher vertical reinforcement ratio in the boundary elemels-i HF‘

Concrete, as a brittle material, does not dissipate much energy witlte@pyclic loads. As a
result, the energy dissipated Hye reinforced concrete membisr nearly equal to the energy
dissipated by the member's flexural rebfS]. Increasing the boundary element size had a
negligible impact on the energy digation of the tested walls.

The relation between the damping ratio and the ductility level has been proven to be
dependent on the hysteresis rules considered in the inelastic time history analysis shown in
Figure 5.11 [96]. An dastic damping ratio of 5% may be assumed for concrete and masonry
structureq24], [96]. Figure 5.12 shows the relation between daeping ratio and the ductility
level for different hysteresirules assuming the elastic damping of 5%.ah lse seen from
Figure 5.12 that the damping ratio is increasing with the increase of the ductility level. The
increase in the damping ratio ahigher ductility level can be attributed toe increase in t
dissipated energy.

For the tested wallshé damping ratias was calculated using Equatior65whereo  is
the energy dissipated at a certain level of ductility, #ndis the elastic strain energy stored in

an equivalent linear elastic syst¢aT]:
v — — Equation5-6

As shown in Figure 80 (c), the hysteresis damping increased wittreasingductility level
for the three walls. Atuctility level 1, the walls had almost the same damping ratio 0fA%.
higher ductility levels the damping ratio increased to exceed 288&tvever, it is still
recommended to keep the design damping vatuéhe range of 2% to 5%24] till more
experimental data isvailable With the increase in the ductility ratio, the damping ratio

increaseadta higher rate in wallV4-# HF‘ , whichhad a smaller boundary element.
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5.5 Conclusions

Test results showed that the newskiapedboundary element blocks utilized as MBE in
RMSW allowed for the flexibility to control the lateral reinforcement spacing and increase the
vertical reinforcement ratio and MBE size. Theplane cyclic response of higise RMSW+BE
was assessed in this study. The walls were built using half scalenrgaunits and tested to
failure under sustained axial compressive loads and-gt&s: reversed cyclic lateral loads and
top moments. The specimens were slender walls that represented the plastic hinge of a wall in a
12-storey building. The effects dfhe changen the size and vertical reinforcement ratio of the

MBE on the seismic response of the RMSW were established.

Additionally, the test results showed that the cracks in the tested walls were localized at the
first floor level, and fewer cracks eshded to the second floor. In general, walls were dominated
by a flexural failure mode characterized by yielding of vertical reinforcement, horizontal cracks,
and masonry toerushing. Vertical splitting cracks appearedhe masonnpoundary elements
andspalling urtovered the intact grouted core when the applied loads increased. Larger lateral
displacement led to toe crushing of the confined grout core and buckling/rupture of the vertical
reinforcement bars in tHdBE. Changing the size or the verticalnforcement ratio of th®BE
had minimal effect on the cracking pattern of the walls. All walls exhibited a consistent
hysteretic response with large loops, indicating enhanced energy dissipation levels and damping
capability. Furthermore, the walls withasonry fibres maintained high compressive strains that
exceeded the value of 0.0025 recommended by CSA-$8(20]. The current CSA S3624
[20] provisions predicted the latd yield force and the ultimate lateral load with an acceptable
safety margin for the proposed shear wall system. Increasing the BE size increased the initial
stiffness of the wall. However, walls with smalldBE had a larger normalized stiffnetfman
walls with largerMBE. In conclusionthe vertical reinforcement ratio of tidBE had a minor

influence on the stiffness of the tested walls.

Wall W4-# HF‘ (with a small boundary element) showaldwer measured yield curvature

than walls W5-# ﬁﬁ and We6-# HF‘ (with a larger boundary element) by 26% and 18%,

respectively. The measured ultimate curvaturéNar# ﬁh (with a small boundary element)

was less than the measured yield curvature in WalbBs# HF‘ and -# ﬁh (with a larger
boundary element) by 9% and 7%, respectively. The comparison revealed that until the yield
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point, the three walls had essentially the same normalized mamesmtture relationship,
regardless of their configuration. Above tfielding point, increasing the boundary element size
led to an increase in curvature.

It was also observed that the three tested walls dissipated the same input energy up to
ductility level 2. Between ductility levels 1 and 2, the quantity of energy diesipby the three
walls increased by 23% on average. The rising rate in dissipated energy dropped after ductility
level 2 until ductility level 10 when the dissipated energy reached its maximum value until
failure. Walls with a higher boundary element feraement ratio dissipated up to 90% of the
input energy. However, increasing the size of the BE had little effect on energy dissipation. The
C-shaped components provided lateral strength as expected, as well as opportunities for the use
of increased vertal and confining reinforcement and appropriate changes in the boundary
element length. It is anticipated that employingl@ped masonry units to constridBE can
significantly reduce the amount of time required to construct a wall by between 50% and 67%
compared to walls constructed with normal stretcher units.

Notably, due to the testing frame limitations, the wall height was not sufficient to represent
the full extent ofthe plasticity zoneof the tested walls. Therefore, it is highly recommended that
future studies consider using specimens with heights greater than the plastic hinge length
calculated by Equation-b. Based on these test results, it is recommended that the ductility
related force reduction factor for ducti®MSW be increased from 3.0gcommended by the
current CSA S3044). More experimental dat@re needed to investigate the force reduction
factor for RMSW at the component level. In additiorgn investigationat the system level by

implementing FEMA F695[94] methodology is required.

In summary, the work presented in this chapter Biibjectives #5, #6, and#7. The results
confirm hypothesis #3where increasing the boundary element length increaseche¢asured
ultimate crushing strain and ductility for walls withe same confinement reinforcement ratio

(Wa-# F]h vs W5-# ﬁh ). In addition, increasing the boundary elemienigth maintained

the same idealized ductility for walls wiflower confinement reinforcement ratid/4-# ﬁh

vs W6-# F,F‘ ). For hypothesis # 4educingthe vertical reinforcement ratio in BE for walls

with different BE size increased the ductility. However, for walls witle same BE size,
reducing the vertical reinforcement ratio reduced the ductility. The resulasareonfirning
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hypothesis #5 that there a potential to increase the ductility reduction factor for ductile RMSW
recommended by NBCC 2015.
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Chapter 6
Numerical Investigation of the Effect of Design Parameters on the Response

Behaviour of Reinforced Masonry Shear Walls

6.1 Numerical modelling of the reinforcement masonry shear wall

To fulfil Objectives # 8 and 9, a numerical model is developed and experimentally validated
in this chapter to serve the followirapjectives. First, toinvestigae the effect of changing the
confinement reinforcement ratio in reinforced masonry walls boundary elements on the seismic
response behawio of reinforcement masonry shear walle test Hypothesis £2). Second, to
establish the effect of theccentricityin the boundary element on the accuraty2D model
predictions.The effect of the used &ding protocol (cyclic vsnonotonic) on the wall curvature
was also investigated this chapter

VecTor2 software, which was used in this study, is a nonlinear finite element analysis
(NLFEA) program for twedimensional reinforced concrete membrane struc{®®&s VecTor3
program for the analysis of thre@mensional reinforced condee solid structures.VecTor3
employs a threeimensional smeared, rotatimgack formulation developed based on two well
recognized analytical models for cracked reinforced concrete: the Modified Compression Field
Theory and the Disturbed Stress Fidliddel [99]. VecTor software is implementing model
developed for catrete materialThe behaviour of fully grouted reinforced masonry shear walls
is similar to the behaviour of reinforced concrg@é]. The cementitious material (concrete
bl ocks, mortar and grout) properties were mod
the smeared modelling approad®0]. The nodel was validateggainstexperimental results
from three differenexperimentaprograms. A comparison between the results o&ddirom the

2D model andhe 3D modelis also presented in this chapter.
6.1.1 Finite-ElementModel

Masonry walls consist of units such as stones, bricks, and blocks that are attached using
mortar joints. Usuallythese mortar joints have low tensile and shear bond strength, resulting in a
weak interface between the units of the masonry. This sahge masonry walls to have
anisotropic directional characteristics, depending on the orientation of the mortar joints relative

to the applied pressur@sll]. By having continuity in the stress flow, the existence of the grout
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enhances the wall behaviour, making the behaviour of completely grout reinforced masonry
(RM) walls comparable to reinforced concrete (RC) walls. There are two distinct primary
approachegor modelling the composite masonry schemamely, the discrete crack approach
and the smeared crack approach. In the discrete apgmbachthe characteristics of each of the
constituent components are mbdd individually, namely, masonrynits, mortar, grout, and
reinforcing steebars. On the other hand, the smeared ceggkroachconsiders the masonry
materials'equivalent propers and is commonly used to study their nonlinear behaviry
moddling strengthened concrete structural compon¢h@2]. Since, as theffect of mortar

joints is ignored, this strategy is appropriate for nhirag hollow masonry units filled with grout

[103].

Some of the currently suggested models are based on Vecchio and Collins (1986)'s Modified
CompressiofField Theory MCFT. This theory deves from the initial field theory of
compression that considers the tensile stresses between cracks in the concrete (Vecchio 1986).
The MCFT can be described as an analytical model for anticipating the reaction of reinforced
concrete buildings that are sabjed to in plane shear and normal stf284]. In this theory, the
conditions ofequilibrium and compatibility within the shell element are considered in terms of
average stresses and strains. The MCFT was developed by testing shell elements with

uniform Z£and £axial stresses and a unifofin shear stresgFigure6.1). The deformed shape
is presumed to have straight and parallel edges and can be descalst@dasstraim , andr

andr astheaxial stain.

fy
Vxy

sessssssil
+++++++1

-

4 4+ 4+ 4+ 4+ 1
Ft+++++ 11+
tx F+++++ 1 fx

Y FH++++++-
Xy F4+++++++-

A A L 3 2 3 1 e

ey |
f

Loading Deformation

Figure 6.1: Membrane element (Vecchio 198®5]).
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Based on the Modified Compression Field Theory (MCFT) and the Disturbed Stress Field
Model [106], VecTor2 adopts a smeared, rotatargck formulation for reinforced concrete. It
offers many methods and models to capture the response of the simulated elements. Selecting
these models wilaffect the numerical simulation resulfTo model panels of the reinforced
masonry shear walls that were investigated in this research, the smeared method was chosen. The
plane membrane element size of 100 mm x 100 mm was chosen based on nessarch
undertaken by Minaie et a]107] and Seif Eldin eal. [69], which showed that this mesh element
size is practical and offers an acadpe level of precision for finite element mdtlag of
masonry wallsGrouted masonry was motksdl using four nodes rectangular matemens with
uniform thickness. Rectangular plan element is eight degree of freedom element (two degree of
freedom for eachode inthex and y direction)VecTor 2 has the capacity of 4000 elemeitse
flexural and shear reinforcement was smeared in the vertical and horizontal directions along the
in-plane membrane element area with eight degodefreedom, or rectangular element, as
named in VecTor2 software. Moreover, this element size reflects the actual size ofplactein
cell for the normal halscale concrete block dimensions considered in this research. In this
model, three distinct pfee membrane components have been described and used.

The numberof load stages, determined lge load increasefactor, can affect solution
convergence efficiency. When the building is in deteriorated condition, many small load
increments may be preferréa fewer large ones. Smaller load increments allow the solution to
converge in fewer iterations before continuing. Given condgdt#al softening response, poor
convergn@ may overestimatats strength for imposed displacement and underestimate
displa@ment forthe applied load. After many trials, it was found that selecting the load step
increment factoto beequal to thdirst cycle target displacemedivided by 16 provided a good
conversion.

The first elementhas a high compressiv&@rength masonry with a large proportion of
strengthening in th@andUdirections and was assigned to the top loading beanthendall
footing to make sure it is stiff and uncracked while loading the walls. The second element, which
represents the bouar/ elements, has the assigned compressive strength of the masonry
material,andthe vertical and horizontal reinforcement, as a percentatfeenfespective cross
sectional area. In addition, the second plane memises banfinement level that is def as

the ratio between the steel hoops volume and the grout bounded by two vertical hoops volume.
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The third element was used to model the web area. It has the same percentage of the smeared
vertical reinforcement in the -girection as the vertical reinfoement andis distributed
uniformly along the wall length (see FiguBe?). In this strategy, the bond between the steel
reinforcement and the masonry was assumed to be fully bonded, since the failure mechanism by
de-bonding was not one of the types ofdae observed in this investigation. In order to simulate

the boundary conditions in the laboratory test, all the joints at the foundation base were restricted

in the x and y directions. Nevertheless, all the other jowete notresticted in any direction.
6.1.2 Material Models

The behaviar of fully grouted RM walls under axial stress is comparable to that of RC
walls. The stresstrain compression relationship for masonry can, therefore, be simulated using
equations comparable to those for concrét&]. The chosen prpeak and pogpeak
compression base model used in @mgalysisis based on a nelmear relationship suggested by
Hoshikuma et al[108] in terms of the average compressive foffe@and the corresponding peak

strainr .

To consider the combineegffects of thetransverse cracking and tensile strain that causes
compression softening in cracked concréte compression softening model 2B (el/e@
Form) suggested bYyecchio[98] wasused. A gnificant loss in stiffness, ultimate strength
capacity, and ductility can result from this reduction. Vecchio 1®921/eGForm) model
calculates the reduction factpr to the peak compressive strenghwith no change to the

corresponding peak straih09].

Adding confinement reinforcement in the Indary element has two effects on the wall
behaviour. The first effect is inemsng the concrete strength and strain corresponding to the
peak stress bwyn enhanement factor . KupferRichart Model was adopted by VecTor2 to
calculate the enhancement factor based on the relationship proposed by Kupfgrl€y ahd
Richart et al[111]. The second effect of adding confinement reinforcement is the buckling of
vertical reinforcement. There are thremdels tobe consideed for reinforcing bar buckling.
These are the Dhakdaekawa (DM),the Refined DhakaMaekawa mode(RDM) [112],
[113], andthe Asatsu models. The DM and RDM models can only be utilised with ductile steel
reinforcement mod&ed using Seckin or Menegotfinto hystereticmodds [98]. This occurs

when the unsupported lengthd@meter ratio (L/D) of the reinforcing bars exceeds &l the
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compressive reinforcement strain exceeds its yield strain in both models. As a result, both
models require L/D input prior tine analysis for L/Dratios > 5.0 to account for rebar buckling.

For L/D=0 and L/D=5, no rebar buckling effects are considered. The Asatsu model does not
require L/D input. Akkaya et al. (2013) adapted Seckin and MeneBeito hysteretic models

for ductile reinforcement with buckling effects utilising Dhakal and Maek (2002b)

formulations which areapplicable to discrete moldieg for reinforcement.

A quick decline in masonry tensile stresses occurs when the principal tensile stress is greater
than the tensile strength of masonry. This results in the initiatiaragks in masonry walls.
Increased deformations lead to larger cracks, which lowers bonding activity on the surface of the
crack. 60Tension stiffeningé is the term for
influenced by the amount of reinforoent and the bonding mechanism since the tensile stresses
are redistributed to the reinforcem [98]. Modified Bentz mode[114] was chosen in this
investigation because it provides a more accurate degradation branch respoteyalttodals

after multiple trials.

Many processes such as dowel action, strain softening, shear slip along crack surfaces and
others have been considered in this finite element FE prexishown irFigure6.3.

Loading Beam
Boundary
Element

Wall Footing

Figure 6.2: Finite element mesh for the studied RM walls.
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dob Cortrol  Models | Auiary |

Concrete Models

Compression Pre-Peak: |Hoshikuma et al ﬂ Confined Strength: |K|_|pferf' Richart ﬂ

Compression Post-Peak: |Hoshikuma et al ﬂ Dilation: |‘u"ariable - |sotropic ﬂ

Compression Saftening: |Vecchio 19928 (e1/e0-Fom) = | Cracking Citerion: [iohr-Coulomb (Stress) |

Crack Stress Calo: |Advanced (Lee 2008) ~|

Crack Width Check: |Aga/2.5 Max Crack Width ~|

Tension Stiffening: |Modified Bertz 2003 ﬂ Crack Slip Cale: |Vecchio—Lai ﬂ

Tension Softening: |Nonlinear (Hordijc) ﬂ Creep and Relaxation: |Nut Considered ﬂ

FRC Tension: |SDEM - Cyclic | Hysterstic Response: |Palemmo 2002 (w/ Decay) |
Reirforcement Models Bond Models

Hysteretic Response: |Bauschinger Effect (Seckin) ﬂ
Dowel Action: |Tassios (Crack Slip) j Concrete Bond: |Gan-Viecchio -
Buckling: |N<ka‘,’a 2012 (Modffied DhakaI—MEﬂ

L

Analysiz Models

Strain History: |Previ0us Loading Considerad j
Strain Rate Effects: |C: nfc 5: Malvar-LCrawford j

Structural Damping: |Haﬂeigh Damping j Reset Options
Geometric Monlinearity: |Considered j Basic
Cracking Spacing:  [CEB-FIP 1578 - Deformed Bars |
Advanced

OK Cancel

Figure 6.3: Materials and analysis models

6.1.3 Model validation

The model was calibrated and validated in two steps. Thestegtis to validate it against the
behaviour of two walls that were reported in the literature; wall 4 tested by Bat@hgo] and
wall 3 tested byShedidet al.[8]. Both walls were reinforced fully grouted masonry walls with
boundary elements and they were thstmreyheight. Figure6.4(a,b) shows that the predicted
hyderetic responseare in good agreement withe experimental resulteported in [2,51] The
suggested nonlinear model for RM shear walls predicts initial stiffness, yield strength, and
ultimate strength. On average, the numermaldctions are within 10% of the experimentally

measured values. In the second step, the medshalidated against the experimental results

reported by the author fowa4-# ﬁh . The comparison between these results and the model

predictions shows even battagreement, ashown inFigure 6.4(c). This shows that model
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predictions are much closer to the experimental data when there is a cdinpletedge of the

test conditions and the material propertids.can also be seen that the model captures the
perfomance of the RM structural wall with a wide range of aspect ratios (i.e. 2.21, 3.23 and
10.6). Figures.5 shows a comparison betweée curvature profile for the tested speciméafall

4 [83] and the outcome curvature profile from the numerical model. The comparison shows that
the numerical model isapableof predictingthe wall curvature witlonly a 9% error. It canalso

be seen that the model can captwadl the yield curvature and the plastic hinge height. The
deviation of the model predictions from the meaduvalueshappened onhat curvatures >

p @ p 1t due tothe failure ofone of the pa@ntiometes as a result of théace shellspalling
Figure6.6 displays the strain profile measured at the base of the wall specimen over a length of
340 mm at drif levels of 1.0%, 1.5% and 2.0%. €he is good agreement between the
experimentalresults and the modekedictionsfor drifts of 1% and 1.5%. At 2% drift, the max
difference between thexperimentalmeasurementandthe numarially predictedstrairs is 45%

which can battributed to thdace shelkpalling In conclusionthe numerical model ishown to

be capable of captung the cyclic behaviour, curvature profile and the strain distribution along

the wall length

(@)
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